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General Abstract 
Invertebrates form a key component of agro-ecosystems, with a broad range of life-histories, 
and include crop pests and natural enemies. To understand the main drivers of invertebrate 
abundance and community composition, studies are required at the whole-farm level, and 
across several years, to encompass the entire cycle of agricultural management. This thesis 
investigates these drivers at Nafferton Farm, Northumberland, UK, which is a split organic-
conventional farm, and thus also provides an opportunity to compare management regime on 
invertebrate ecology. 
Invertebrates were sampled via two complementary methods, pitfall and yellow-pan traps, 
across the farm, together with associated records of crop and field boundary types, vegetation 
community composition and vegetation structure. Samples were collected in field boundaries 
(0 m), field edge (5 m) and within the crop (40 m). Invertebrates were usually identified to the 
taxonomic level of at least family or sub-family, whilst Carabidae were identified to tribe. 
Invertebrates were classified into three broad functional groups reflecting both their life-
histories and sampling method: epigeal predators; foliar predators/ parasitoids; herbivores / 
pollinators. Taxonomic richness and total invertebrate abundance were analysed using linear 
models and linear mixed-effects models. Invertebrate community composition and its 
response to environmental and spatial-temporal factors were analysed via unconstrained, 
constrained and partial ordinations (CA, CCA and pCCA). 
Across the whole farm, both invertebrate biodiversity and abundance were greater in organic 
compared with conventional management. Abundance was affected by crop type, with 
invertebrates particularly abundant in spring beans (organic), winter barley (conventional) and 
oilseed rape (conventional). Invertebrates were most abundant in field boundaries that 
comprised short grass, but had greatest biodiversity along woodland edges. 
Major differences in invertebrate community composition over time were observed on the 5-
year conventional rotation compared to the 8-year organic rotation. The latter had less soil 
disturbance, which disrupted the invertebrate community, and whilst crop type was the main 
driver, there was also a significant 'lag effect' from the preceding year's crop. Vegetation 
structure, cover and traits (measured according to the Competitor, Stress-tolerator, Ruderal 
system) all had major effects on the invertebrate community composition, with CSR patterns 
particularly important. Overall, more of the most abundant invertebrate taxa in field 
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boundaries were found in the field edge (5 m) and crop (40 m) in the organic than 
conventional system. For some invertebrate taxa, associations between their relative 
abundance in the field boundary, edge and crop were related to their life-history traits, 
especially dispersal ability and body size. 
The research demonstrates that a wide-range of environmental and agronomic factors affect 
invertebrate communities, and that these are best understood when analysed at the landscape-
scale at multiple spatial and temporal scales. 
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 Introduction 
1.1 Invertebrates in agroecosystems and long-term changes 
Insects are amongst the most taxonomically diverse group of animal (Ødegaard, 2000; Mora 
et al., 2011). A conservative estimate by (UN, 2003.) suggested that there were approximately 
30 million insect species worldwide, of which beetles (Coleoptera) account for the vast 
majority, approximately 40% of described species (Stork et al., 2015). Many insects play 
important roles in the agro-ecosystem. For example, they act as pollinators for both wild 
plants (Khan and Yogi, 2017) and crops including oilseed rape, orchard fruits etc. (Kremen et 
al., 2002; Calderone, 2012). Insect pollination is very important to crop production, which is 
estimated to provide £130 billion per annum to global economy (Gallai et al., 2009). In the 
UK insect pollinated crops covered 20% of agricultural land by area, and about £400m per 
annum or 19% by value (Breeze et al., 2011). In addition to pollinators, insects can act as crop 
pests, and have negative effects on agricultural production. In contrast, some insect species 
are predators of other invertebrates (Rusch et al., 2010) and may therefore be beneficial in 
agroecosystems to reduce crop pests (Symondson et al., 2002; Ives et al., 2004). Others form 
key parts of the diet for taxa such as farmland birds (Holland et al., 2006) especially chicks 
(Southwood and David, 2002), small mammals, and bats (Freeman, 1979; Wickramasinghe et 
al., 2004). 
 
There is evidence of declines in some insect populations both globally (Dirzo et al., 2014) and 
within Europe (Habel et al., 2016). Long-term samples of predominantly aerial invertebrates 
at the world's longest running survey, The Rothamsted Insect Survey, UK (Storkey et al., 
2016) and more recently by The Krefeld Entomological Society, Germany (Hallmann et al., 
2017) have both suggested that insect total biomass and abundance may have declined by 
over 50% in the past 50 years. Other long-term studies in cereal fields over 42 years (The 
Sussex Study) have highlighted the influences of extreme weather events, long-term climate 
and pesticide use, with predatory invertebrates such as Araneae and Coleoptera particularly 
sensitive to pesticide use (Ewald et al., 2015). The abundance of both taxa are important in 
integrated pest management (IPM). These authors also found that the abundance of other 
groups of invertebrates, including Collembola and Aphididae, increased, possibly in response 
to climate change, and it is clear that the interplay between climate, weather and crop 
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management is not simple. See Leather (2018) for comprehensive assessment of long-term 
studies. 
 
Another useful source of historical data is from established annual monitoring schemes or 
citizen science surveys. For example, data from the UK Butterfly Monitoring Scheme, using 
data since the 1970s, has reported fluctuating butterfly abundance for generalist species, but 
significant declines in more specialised species (Brereton et al., 2011). A number of other 
studies have reported declines in carabid beetles (Kotze and O'Hara, 2003; Brooks et al., 
2012), moths (Groenendijk and Ellis, 2011; Fox, 2013), and butterflies (Thomas, 2005). In 
2004 the Royal Society for the Protection of Birds (RSPB) undertook a citizen science survey, 
in which drivers used their vehicles as mobile “field stations” to collect insect “splats” to 
assess insect numbers, but their results were inconclusive especially as the study was not 
repeated subsequently. Nevertheless, the implications of insect decline have raised concern 
amongst government bodies, policy-makers and the general public to investigate possible 
causes (Hole et al., 2005; Alignier, 2018). 
 
1.2 Agricultural policies and effects on invertebrates 
A number of different agricultural changes may have contributed to invertebrate abundance 
and community composition: increased pesticide usage (Stoate et al., 2001), increased 
mechanization (Kladivko, 2001) and loss of non-crop habitats (Robinson and Sutherland, 
2002). In the UK many of these changes were initiated by the Ministry of Agriculture, 
Fisheries and Food's (MAFF) aim of increasing food production after 1945, and more recently 
the European Union's Common Agriculture Policy (CAP). 
 
1.2.1  Increased pesticides use 
Farming practice has become more intensive post world war two, with increased use of 
insecticides (Carvalho, 2006) and herbicides (Young, 2006). The use of herbicides changes 
the crop microclimate and reduces the numbers of host plants (crop weeds) on which 
herbivorous insects can feed, with knock-on effects higher up the food chain. Broad-spectrum 
insecticides, usually applied via sprays, have direct effects on all the invertebrates in a crop, 
as well as the risk of spray-drift into non-crop habitats (Longley et al., 1997). Neonicotinoid 
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insecticides are usually applied as seed dressings (Sparks, 2013) and were originally thought 
to cause few non-target problems, but are now known to affect non-target insects such as 
pollinators (Rundlöf et al., 2015) and beetles (Cloyd and Bethke, 2011). Neonicotinoids are 
systemic chemicals that travels within crop plants and persist for long periods in soil and 
water; their effects can therefore cascade through the food chain by reducing amounts of 
available prey for other taxa such as birds (Hallmann et al., 2014). 
 
1.2.2 Increased mechanization 
Agricultural intensification with more powerful tractors and mouldboard ploughs allows 
heavier soils to be cultivated more frequently (Kladivko, 2001). Tillage affects soil-dwelling 
invertebrates (Witmer et al., 2003), due to change in soil temperature, water content and 
micro-topography of the soil. In general, smaller invertebrates appear to be less sensitive to 
disturbance by tillage, than larger organisms (see review Kladivko, 2001). Shearin et al. 
(2007) found that rotary tillage and mouldboard ploughing had negative effects on four 
carabid species which was attributed to direct tillage-induced mortality, whilst more carabids 
are associated with no-till methods (Lalonde et al., 2012). Agricultural intensification 
associated with increased mechanization has seen a change in crop varieties, with a major 
shift in the UK from spring to autumn-sown crops (Robinson and Sutherland, 2002). The 
latter provides fewer over-wintering habitats and fewer host plants for many species of 
invertebrate (Marshall et al., 2003). Mechanical ploughs, harvesters and high precision seed 
drills have let improvements in efficiency (Weiner, 2001) including larger field sizes, but 
smaller areas of non-crop habitat and field boundaries. The Agricultural Act of 1947 provided 
incentives for farmers to cultivate more grain through more efficient mechanization, which 
resulted in larger simplified crop landscapes (Robinson and Sutherland, 2002; Geiger et al., 
2010). Increased investment in bigger and more efficient farm machinery resulted in 
consolidation of smaller mixed farm into larger monoculture fields, devoid of plant diversity 
(Ekroos et al., 2010a).
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1.2.3 Replacement of non-crop habitats 
The consequences of agricultural intensification on insect communities are exacerbated by the 
replacement of non-crop areas such as woodlands, field margins, hedgerows etc. which 
provide habitats for many invertebrates (Bianchi et al., 2006; Verburg et al., 2006). 
Consequently, important semi-natural habitats crucial to biodiversity were replaced with 
intensive crop fields (Robinson and Sutherland, 2002). Non-crop habitats serve as 
overwintering sites for beneficial invertebrates (Frank and Reichhart, 2007), alternate food 
sources (Goulson et al., 2008), nesting and breeding sites (Holland and Luff, 2000), 
hibernation sites (Wamser et al., 2011) and a link between the agricultural landscapes 
(Schmidt-Entling and Döbeli, 2009). Invertebrate abundance in field boundaries can be 
influenced by habitat quality (Dennis and Fry, 1992), hedge orientation (Maudsley et al., 
2002), structural diversity and shelter (Maudsley, 2000) in addition to boundary age and 
maturity (Burgio et al., 2006). Increased floral diversity in field margins has been shown to 
enhance biological control (Winkler et al., 2010), however, their ability to influence 
invertebrate community is predicated on their local environmental conditions (Poggio et al., 
2013). The organic system generally consist of a greater total area of semi-natural habitats and 
more diverse plant communities, which includes woodlands, field margins and hedgerows 
(Gibson et al., 2007b), possibly due to a lack of herbicide drift and inorganic fertilizer usage 
(Aude et al., 2004) which can provide cascading effect higher up the food chain (Chamberlain 
et al., 1999). Habitat manipulation, for example wildflower strips (Blaauw et al., 2014) and 
beetles banks (MacLeod et al., 2004), have been used to provide food and shelter from 
adverse conditions for beneficial invertebrates (Landis et al., 2000) in an attempt to provide 
pest control to adjacent crop fields (Firbank et al., 2013). 
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1.3 Ecological processes and their relationship to biodiversity 
Farm management affects invertebrates directly through pesticide use, soil tillage and choice 
of crops grown, and indirectly through effects on non-crop habitats especially the vegetation 
in the field boundaries. Conventional management with higher fertiliser inputs may affect the 
structure and traits of plants growing in non-crop habitats, and weeds within the crops 
themselves, with subsequent effects on the invertebrate communities. 
1.3.1 Organic and Conventional Farming Systems 
Organic management avoids pesticides and inorganic fertilizers usage (Mäder et al., 2007; 
Tuck et al., 2014) and in the UK and Europe generally grow spring- rather than autumn-sown 
cereals (Rinaldi and Vonella, 2006) to avoid weed flushes. Many organic farms utilize a 
holistic management (Baudry et al., 2000), in which biodiversity conservation is at the whole 
farm scale. A number of sources have shown a strong organic market approximated to be: 
US$11 billion/annum globally (Robins. et al., 2000), US$5 billion/annum Europe and US$1 
billion/annum UK (Willer and Yussefi, 2000). Increased organic production in Europe (UN, 
2003.) is driven partly by retailers (Maeder et al., 2002) responding to consumers concern for 
human health and wildlife (Huber et al., 2011). 
 
A number of studies have investigated organic farming influences on flora and fauna 
biodiversity, with the majority of these showing positive benefits. The absence of pesticides, 
herbicides and inorganic fertilizers increased overall biodiversity (Geiger et al., 2010). A 
broad range of taxa increase in both their abundance and species richness under organic 
agriculture including vascular plants, predatory arthropods, birds and bats (Wickramasinghe 
et al., 2003; Gabriel et al., 2006; Frank and Reichhart, 2007). The larger numbers of predatory 
arthropods in organic systems provides the potential for biocontrol of crop pests. More 
predators do not necessarily translate into better pest control. Farmers would need to create 
suitable habitats to ensure predator populations can be sustained over time (Landis et al., 
2000) and that the predators can move from non-crop habitats into the crop to provide optimal 
biocontrol (Kleijn et al., 2001; Tscharntke et al., 2005b).
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1.3.2 Plant cover, structure and traits 
In organic systems, crops are sown in the spring to limit the duration of the resurgence of 
weeds, whilst conventional fields are sown in the autumn (Gabriel et al., 2005). Organic fields 
contain greater numbers of plant species (Gabriel et al., 2006; Öberg, 2007) and a more 
complex physical structure of all the vegetation, including weeds, within the crop (Unwin and 
Smith, 1995). This provides a more continuous supply of food and habitat for invertebrates 
over the duration of the growing season. Grass/ clover leys in organic systems, generally 
cultivated for nutrient enrichment to the soil (Rasmussen et al., 2013) result in less disturbed 
ground cover for invertebrates, due to the lack of annually cultivation by ploughing between 
years 3 and 4 in the crop rotation. Plant cover is positively correlated with activity-density of 
beneficial predators such as Coleoptera-Carabidae (O'Sullivan and Gormally, 2002; Navntoft 
et al., 2006; Eyre et al., 2016a), due to microclimate and available prey (Norris and Kogan, 
2000). 
Vegetation structure influences invertebrate communities. For example, sometimes tall 
vegetation supports more invertebrate species at higher densities (Morris, 2000) which may 
provide protection to escape from predatory arthropods (van Klink et al., 2015). Mowing is 
sometimes used to manage grasslands along field boundaries and this changes the structure 
and vegetation microclimate. Less-mobile arthropods (including eggs, larvae and pupae) are 
more susceptible to high mortality partly due to direct contact with the cutting blades and lack 
of protection (Gardiner et al., 2002). Management that consistently results in relatively short 
or tall vegetation is likely to alter the traits of the plant species, particularly the relative 
proportions of competitor species compared to ruderals or stress-tolerators in agroecosystems 
(Grime, 1988).
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1.4 Rationale for this thesis 
Invertebrates in agroecosystems are important as crop pests, beneficial predators, parasitoids 
and pollinators. Previous studies have compared organic and conventional management 
effects on invertebrate communities. Interpretation of data is difficult, partly due to 
environmental (site) dissimilarities that are associated with organic and conventional farms at 
different locations. A further complication is that different crops are grown in organic and 
conventional management, to the extent that the time-periods for completion of a complete 
rotation cropping cycle do not match. Long-term studies, with data collected across multiple 
years, are required to understand the effects of these different rotations. Invertebrate patterns 
at small spatial scales requires sampling not only from within the crop, but also the field edge 
and non-crop habitats. These typically differ between and within farms. The life-history traits 
and physical structure of the vegetation in the two management systems may differ, with 
subsequent effects on abundance, species composition and possibly life-history of the 
invertebrates. The structure of Nafferton Farm, managed as independent conventional and 
organic units at the same geographical location provides an ideal opportunity to investigate 
these issues, using both historical and recently collected field samples. 
 
1.4.1 What are the effects of management on invertebrate abundance and composition? 
Since organic and conventional systems use different management (chemicals, tillage etc.) 
crops, and rotation it is therefore not simple to distinguish between these three separate factors 
and their effects on the invertebrates. In addition, field edges and boundaries are affected by 
the farm management and crop, which may have additional effects on invertebrates. Finally, 
invertebrate functional groups, specifically epigeal predators, foliar predators/parasitoids, and 
herbivores/pollinators may respond differently. Several studies were undertaken, with 
invertebrates collected across the whole farm to compare the organic and conventional in 
combined analyses (Chapter 4). Long-term datasets were used to assess the impacts of the two 
different rotation systems (Chapter 5). Differences and similarities within the crop, field edge 
and boundary/non-crop areas were determined via individual analyses of the invertebrates 
from each half of the farm (Chapter 3, Chapter 6). Analyses were subdivided into the three 
invertebrate functional groups.
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1.4.2 How does plant species composition (cover), structure and traits affect invertebrate 
composition and life-history traits? 
Vegetation cover and composition is known to affect invertebrate communities, but most 
studies on vegetation structure have focussed on spiders, and less work has been done in 
agroecosystems. Whilst plant life-history traits have been well-documented for many years, 
there have been few attempts to relate plant life-histories to invertebrate community 
composition. Finally, very little research has been undertaken on the relationships between 
invertebrate life-history traits and their wider environment. Vegetation composition and 
structure was surveyed across the farm (Chapter 2) and compared with the invertebrates. The 
established Competitor-Stress Tolerator-Ruderal (CSR) method of Grime (1988) was used as 
a framework to measure the plant traits (Chapter 6). A customised invertebrate life-history 
trait database was developed for this project and related to the habitats in which the 
invertebrates were sampled (Chapter 3). 
1.5 Schematic summary of each data chapter 
1.5.1 General Methods 
A detailed description of the study site, Nafferton Farm in Northumberland, UK, is provided 
in Chapter 2, including an explanation of the split-farm management into conventional and 
organic agriculture, and farm maps. The invertebrate and vegetation sampling techniques are 
described, plus the rationale behind the main univariate and multivariate analyses. 
 
1.5.2 Relationship between agricultural management, crops and boundaries with 
invertebrate functional groups on a split organic/conventional farm 
The influence of management system, crop and boundary type on invertebrate abundance and 
taxa richness within three functional invertebrate groups across the whole farm is described in 
Chapter 4. These univariate analyses were undertaken using conventional linear models. 
Within each management system differences in community composition as a result of crop 
and boundary type were assessed by unconstrained multivariate analyses. Invertebrate 
samples collected in 2015 from the field boundary and within crop were used in these 
analyses. The major role of management regime and the importance of crop and boundary 
type on agroecosystem invertebrates are discussed in this chapter. 
27 
 
1.5.3 Invertebrate communities are affected by both crop rotation and soil tillage 
Different crop rotations are used in organic and conventional management systems, and the 
effects of these on the invertebrates, particularly in the context of soil tillage, is explored in 
Chapter 5. A five-year rotation is in place on the conventional part of the farm, and an eight-
year rotation on the organic. Historical invertebrate data, collected from 2005-2012, using the 
same sampling protocols as implemented elsewhere in the thesis, were analysed. Weather data 
were also collected during this period. Changes in abundance of individual taxa in response to 
the current year's crop type were analysed via linear mixed effects models. Changes in 
invertebrate community composition over time in response to both the current and preceding 
year's crop were analysed through partial constrained ordinations, and their relative 
contributions quantified via variation partitioning. 
 
1.5.4 Invertebrate functional groups in relationship to plant cover, structure and traits 
The influence of plant cover, structure and traits on the abundance and composition of the 
invertebrates in organic and conventional systems is described in Chapter 6. Vegetation 
structure and cover were measured at each invertebrate sampling location whilst vegetation 
traits were collated according to (Grime, 1988) Competitor, Stress-tolerator and Ruderal 
system (CSR) plus annual or perennial life-history. The effects of these vegetation measures 
on invertebrate composition were analysed using CCA (using 2015 field data) with 
invertebrate data from the crops, field edge and field boundaries. The relative importance of 
plant cover, structure and traits on the invertebrate community was quantified using variation 
partitioning (VP).
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1.5.5 Management practices, field boundary type, and invertebrate life-history, all affect 
both the abundance and taxonomical composition of invertebrates 
The relationship between the most abundant invertebrate taxa in the field boundaries and the 
same taxa in the field edge and crop is described in Chapter 3. The main aim was to 
investigate the changes in abundance and composition of these taxa with increasing distance 
from the field boundary, and relate these the life history traits of these taxa. The ten most 
abundant taxa for each functional group were analysed, using multivariate generalised linear 
models via the R mvabund package (Wang et al., 2012); this provides greater statistical power 
for small, skewed datasets, and model fit can be assessed in a similar manner to that in 
univariate GLMs. Additional analyses using partial CCA was also employed to remove 
effects due to boundary type and crop, via separate constrained ordinations of invertebrates in 
the field boundary, edge and crop. These separate ordinations were then compared via 
Procrustes analysis, to produce summary statistics to quantify the relationships between 
boundary vs field edge, and boundary vs crop invertebrates. Where possible, results were 
interpreted in the context of the known life-history traits of the invertebrates. 
 
29 
 
30 
 
 General Methods 
2.1 Site Description 
2.1.1 Survey Area and Management 
Nafferton Farm is located approximately 20 km west of Newcastle-upon-Tyne in 
Northumberland, UK (54°59ꞌ, 09ꞌꞌN; 1°43ꞌ, 56ꞌꞌW). The farm operates as a commercial and 
research/teaching facility of Newcastle University in northern England. Prior to 2001, the 
whole of Nafferton farm operated as a 320 ha commercial mixed farm, which included dairy 
and arable farming. Since 2001, however, Nafferton Farm commenced conversion of 160 ha 
to conventional farming and the other half to certified organic farming, completed in 2004. 
Since conversion to a split organic-conventional system, Nafferton Farm operates two 
different crop rotational systems Figure 2.1. In the organic half of the farm, crop rotation 
follows an 8-year cycle of spring barley, grass/clover, spring wheat, potatoes and beans (see 
Figure 2.2). All organic crops are spring sown, usually until the end of May. Barley is 
undersown with grass / clover which provide cover and increase soil nitrogen (Hansen et al., 
2005) but spring wheat is not undersown. In the organic management the soil is not always 
annually cultivated by ploughing (e.g. between grass/clover leys in Rotation Years 3 and 4. 
These grass/clover leys are, however, subjected to three silage cuts each year to provide 
fodder for dairy cattle. Soil disturbance is highest in the potatoes with ploughing prior to 
planting and earthing-up around the developing crop. No artificial pesticides or fertilisers are 
applied in the organically managed half, and cow slurry from the dairy units is used to 
improve soil nutrients. Field boundaries on the organic managed farm consist of short 
herbaceous (up to heights of 0.5 m: Agrostis stolonifera, Taraxacum officinale and forbs), tall 
herbaceous (up to heights of 1.5 m: Urtica dioica, Cirsium arvense and forbs) and hedges 
(greater than 1.5 m: Crataegus monogyna) as classified in Eyre et al. (2013b). 
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Figure 2.1 Basic layout of Nafferton split organic/ conventional farm. 
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Figure 2.2 Basic crop rotational cycle for the eight years A) organic system, and five 
years B) conventional system. 
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The crop rotation in the conventional managed system follows a sequence of: winter wheat, 
winter barley and oilseed rape over a 5-year period. Figure 2.2. Conventional crops are sown 
in the previous year autumn and provide vegetative cover throughout the winter seasons. The 
conventional system had fewer arable crops grown, with more monocotyledons (cereals: 
barley, wheat) than dicotyledons (oilseed rape) fields. In the conventional half of the farm, the 
soil is ploughed/tilled each year and herbicides, fungicides and inorganic fertiliser applied 
annually. Weeds are generally absent in the conventional fields. Field boundaries on the 
conventional half of the farm consist of short herbaceous (up to heights of 0.5 m: Agrostis 
stolonifera, Taraxacum officinale and fobs), tall herbaceous (up to heights of 1.5 m: Urtica 
dioica, Cirsium arvense and fobs) and woodland, mainly Pseudotsuga menziesii). Field 
boundaries are mowed annually and hedges are trimmed once or twice biannually on both the 
organic and conventional parts of the farm. 
2.2 Sampling Methods 
2.2.1 Invertebrates 
Invertebrates were sampled from both the organic and conventional systems, at two 
locations approximately 20 m apart within each field under study (see Table 2.1). At 
each location, invertebrates were collected at three points: one in the non-crop field 
boundary (0 m), one in the field edge 5 m from the boundary, and the third at least 40 
m into the crop itself, Figure 2.3. At each sampling point, invertebrates were sampled 
using both pitfall traps and yellow pan traps. Pitfall traps (8.5 cm diameter, 10 cm deep 
clear polypropylene cups) were placed in holes made by a soil auger and placed flush 
with the soil surface causing minimal disturbance to the surrounding crop or weed 
vegetation. Invertebrates were sampled using a line of 10 pitfall traps, 0.5 m apart, plus 
one yellow pan trap (yellow plastic boxes 30 cm x 22 cm, 20 cm deep), containing a 
solution of concentrated salt (NaCl), water and three drops strong detergent (Siitonen, 
1994). Materials and methods used in 2015 invertebrate sampling were similar to 
protocols used by Dr M.D. Eyre sampling between 2005 and 2012 for consistency. 
Pitfall traps are a standard method for recording epigeal (surface-active) invertebrates 
whilst pan traps are useful to sample aerial or foliar invertebrates, both groups being 
important in agroecosystems (Duelli and Obrist, 2003). Pitfall and pan traps were 
placed in the fields at the beginning of May, (traps were temporarily removed when 
required during silage cuts) and samples were collected from 2005 to 2012 and 2015. 
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Five monthly samples were collected from each field site, following the protocols 
described in Eyre et al. (2013b). Both pitfall and yellow pan traps were emptied and 
replaced with new salt solution mixture monthly to aid preservation of invertebrates. A 
total of 108 organic, 78 conventional sites were sampled between 2005 - 2012 rotation 
years and 2015 (Table 2.1). The major field boundary categories for the 32 samples 
(organic) and 28 samples (conventional) collected in 2015 are summarised in Table 
2.2. See Figure 2.4 for a schematic outline of the study design. 
 
Table 2.1 Total number of samples, aggregated across all months, collected per crop per 
year, and number of fields sampled per year, between 2005 to 2012 and in 2015 on the 
organic and conventional rotations at of Nafferton farm. 
 
 
Table 2.2 Total number of samples, aggregated across all months, and number of fields 
boundaries sampled in 2015 on the organic and conventional halves of Nafferton farm. 
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Figure 2.3 Basic layout of sampling sites at Nafferton farm 
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Figure 2.4 Schematic outline of invertebrate sampling at Nafferton farm from 2005 to 2012 and 2015. 
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All sampled invertebrate specimen were pre-sorted and stored in 70 % industrial methylated 
spirit (IMS) prior to identification. Invertebrates were identified to family, sub-family and 
tribe, according to Chinery (1993); Roberts (2001); Luff (2007) and confirmed by expert 
entomologist Dr M.D. Eyre, depending on functional group, and counted. Most individual 
research studies into invertebrates of agroecosystems have focussed on a small number of 
taxonomic groups (e.g. a single order or family), but identifying all specimens to species-
level. For example Diekötter et al. (2010) studied 5 broad groups (Carabidae, Araneae, 
Collembola, Diplopoda, Oniscidea), whilst Rösch et al. (2015) studied 3 groups of 
invertebrates (Heteroptera, Auchenorrhyncha, Gastropoda-snails), all identified to species-
level. Whilst this provides high taxonomic resolution for one family or order, it does not 
provide an adequate representation of the wide range of invertebrates present, with contrasting 
life-histories, within an agroecosystem. The main limitation on the use of a broad range of 
invertebrate species is not sampling per se but the time, technical ability and cost required to 
identify the considerable number of species sampled, together with taxonomical complexity in 
a number of groups (e.g. parasitic Hymenoptera). This has led to the advocacy of 
identification to higher taxonomic rank, for example, family or subfamily, rather than genus 
and species in agroecosystem research (Báldi, 2003). Broader taxonomic classification levels 
have therefore been used to assess biodiversity in landscape (Sauberer et al., 2004) and land 
use studies (Biaggini et al., 2007). 
Three functional groups were defined for the purposes of this research: epigeal predators (23), 
foliar predators/parasitoids (18) and herbivores/pollinators (Table 2.3). This method of 
division into broad functional groups has been used in previous similar studies Ford et al. 
(2013) and Witmer et al. (2003); some functional groups are preferentially sampled by 
particular methods, whilst all three have important roles within the agroecosystem. Note that 
some invertebrates do not fit neatly into a single functional group (e.g. some Syrphidae have 
predacious larvae but nectar-feeding adults etc.) but allocation was based on the adult life-
stage as this was the stage identified in the study. Groups were identified to family, sub-
family or tribe based on previous similar research. Tribe-level is recommended by Luff and 
Turner (2007) and Arnett Jr and Thomas (2001) for Carabidae, whilst family-level in the 
taxonomic hierarchy has been recommended in previous similar research (Woodcock et al., 
2005b). Collembola abundance at each site was tallied, and was used generally as a bio-
indicator to help explain collembolan-feeders trends (Magoba and Samways, 2012). 
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Mean air temperature per month and total monthly rainfall were calculated from data 
collected via the Delta-T Weather Station (Type WS01) located at Nafferton for each year in 
this study Table 2.4. 
Epigeal predators 
(n=23) 
Foliar 
predators/parasitoids 
(n-18) 
Herbivores/pollinators 
(n=25) 
Carabidae Cantharidae Anthicidae 
Bembidini Cerambycidae Apionidae 
Carabini Coccinellidae Byrrhidae 
Cychrini Anthocoridae Elateridae 
Elaphrini Nabidae Lathridiidae 
Harpalini Pentatomidae Leiodidae 
Lebiini Conopidae Melyridae 
Loricerini Syrphidae Nitidulidae 
Lucanidae Forficulidae Alticinae 
Nebriini Chrysopidae Chrysomelinae 
Notiophilini Hemerobiidae Criocerinae 
Platynini Panorpidae Galerucellinae 
Pterostichini Vespidae Ceuthorhynchinae 
Scaritini Braconidae Entiminae 
Sphodrini Ichneumonidae Molytinae 
Trechini Platygasteridae Scolytinae 
Zabrini Proctotrupidae Lygaeidae 
Staphylinindae Pteromalidae Miridae 
Aleocharinae  Saldidae 
Omalinae Cercopidae 
Oxytelinae Cicadellidae 
Paederinae Delphacidae 
Staphylininae Apidae 
Steninae Cynipidae 
Tachyporinae Tenthredididae 
Table 2.3 List of taxa for the three functional groups sampled at Nafferton Farm. 
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Year Total rainfall (mm) Average temperature °C 
2005 233 13.16 
2006 247 14.04 
2007 297 12.61 
2008 443 12.98 
2009 316 13.31 
2010 185.2 12.65 
2011 205.2 12.5 
2012 238.5 13.89 
2015 350 12.4 
Table 2.4 The total rainfall and mean temperature recorded over the eight year 
sampling period at Nafferton fam from 2005 to 2012 and 2015. 
 
2.2.2 Vegetation sampling 
Plant species composition (cover) and structure are both reported to affect invertebrate 
communities (Lassau et al., 2005; Schaffers et al., 2008) and were therefore recorded. Plant 
community composition within the organic and conventional sample sites were assessed over 
the summer, (mid-July 2015), using 86 quadrats. Quadrats (1 m2) were placed adjacent to 
each invertebrate sample at 0 m, 5 m, and 40 m from the field boundaries. From these 
quadrats, the percentage cover of all vascular plants and bryophytes was estimated by eye and 
confirmed by an independent sampler. Cover was estimated to the nearest 5%, or 1% for rare 
species. Where vegetation layers overlapped within in a quadrat the percentage cover exceeds 
100%. Plants were identified to species according to Hubbard (1954), Grasses and 
wildflowers: A guide to their structure, identification, uses and distribution in the British 
Isles; Rose (1981), The Wild Flower Key: British Isles-N.W. Europe. 
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Vegetation structure was measured at all invertebrate sample sites, with the aid of a 1.4m 
height x 7cm diameter wooden pole with height intervals marked every 5cm. This was placed 
in the centre of each quadrat and all vegetation touching the pole was recorded including 
species and height interval at which the touch occurred. 
2.2.3 Plant traits 
On completion of the vegetation survey, a list of the major plant traits was generated using the 
scheme outlined in (Grime, 1974; Grime, 1988; Hodgson et al., 1995). Grime’s scheme 
provides plant trait data based on life history, established strategies, life form, canopy 
structure and height, lateral spread, leaf phenology, flowering time, regenerative strategies 
and seed bank Table 2.5. 
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Table 2.5 Plant trait variables used to describe CCA ecological functioning in organic and conventional analyses with reference to Grime 
(1974); Grime (1988). Bolded traits were used in CCA community composition whilst the remainder in variation partitioning analyses (VP).
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2.3 . Data analysis 
2.3.1 Linear models (LM) and Linear Mixed -effects models (LME) 
Linear models (LM) provided a simple method of comparing e.g. invertebrate abundance in 
all samples in the organic vs conventional parts of the farm. Linear models are equivalent to 
one-way analysis of variance (with one categorical explanatory variable), and post hoc test 
such as TukeyHSD can be used to compare different levels within the categorical explanatory 
variable if it contains 3 or more levels. Linear models were used in Chapter 4 to provide a 
broad initial overview of the effects of farm management system, crop type or boundary 
across the whole farm. Combined analyses of whole-farm datasets via LM indicated major 
differences between the organic and conventional invertebrate abundance, their separate 
analyses on each farm system were also undertaken in some chapters. 
Mixed-effects models (Pinheiro and Bates, 2000) differ from conventional linear models in 
that they partial the variation into fixed-effects (e.g. organic vs conventional, different crops), 
and random effects (e.g. year of survey, temperature, rainfall, boundary type), thus improving 
their statistical power. The aim of the linear mixed-effects models (LME) was to determine 
the role of farming system or crop type on overall invertebrate abundance, having corrected 
for variability associated with temperature, rainfall, field boundary type and year of survey. 
Invertebrate counts were transformed by log10(n + 1) in similar way to (Crawley, 2007; Ives, 
2015) to stabilize the variance and to reduce the influence of extreme values; invertebrate data 
are often zero-inflated, and count-based. These analyses were undertaken in R environment, 
version 2.12.1 (Pinheiro et al., 2011b).
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2.3.2 Canonical Correspondence analysis (CCA) and Partial Canonical Correspondence 
analysis (pCCA) 
A wide range of multivariate methods are now available to ecologists to compare the 
community composition of different samples. Here the aim is to analyse multiple species 
simultaneously, and measure changes in the relative contribution of species between samples. 
Unconstrained ordination methods utilise only the species data, with principal components 
analysis (PCA) and correspondence analysis (CA) amongst the most widely used. PCA is a 
'linear' technique, suited for when there is relatively low species 'turnover' between samples. 
PCA transform and plot response data to find new coordinates to determine the principle axes 
of variation. CA is more widely used in ecological studies, as it assumes a 'unimodal' 
variation in species abundances, characteristic of sparse datasets with a few common species 
and many rare ones. In both PCA and CA, results are typically summarised by ordination 
plots for samples or species. In samples ordination plots, samples close to each other have 
relatively similar species composition, whilst those far apart are dissimilar in species 
composition. Likewise, in species ordination plots, species close together in ordination space 
are found in similar samples. See Gower (1987) for an overview of ordination techniques. 
Constrained ordination methods incorporate explanatory environmental variables into the 
analysis with ordination axes scores forming linear combinations of the predictors 
(environmental variables). The most widely used method amongst ecologists is canonical 
correspondence analysis (CCA) which like CA assumes a unimodal species response curve 
(ter Braak, 1986; Ter Braak and Prentice, 1988). Both continuous (e.g. temperature, rainfall) 
and categorical (e.g. crop type) variables can be used as constraints in CCA. The result are 
displayed via biplots with continuous variables displayed by arrows and categorical variables 
using centroids (points). Like PCA or CA, sample scores plotted close together have similar 
species composition in common whilst scores far apart have dissimilar composition. The 
longer a biplot arrow from the origin, the more important the environmental variable is in 
determining the species composition of the samples, and similarly for centroids, whilst short 
arrows are less important. In addition, arrows pointing in the same direction suggest positive 
correlation between the environmental constraints, whilst arrows pointing in opposite 
directions are negatively correlated to each other. Finally arrows at 90° in relation to each 
other are considered uncorrelated. The statistical significance of the environmental variables 
can be determined via permutation tests.
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Partial canonical correspondence analysis (pCCA) is performed in a similar manner as CCA, 
however the effects of confounding variables are removed or "partialled out" in the analysis 
so that the analysis can focus on the primary environmental variables of interest. For example, 
differences in community composition as a result of the crop and boundary type can be more 
readily measured if potential confounding variables such as rainfall, pH, temperature etc. are 
partialled out. Both CCA and pCCA were carried out using the CANOCO package (Ter 
Braak and Smilauer, 2002) and vegan R package (Oksanen J, 2015); separate analyses were 
done for each of the three functional groups on both management systems. 
2.3.3 Variance Partitioning (VP) 
Variance partitioning (also known as variation partitioning or variance decomposition) can be 
used to quantify (individual taxa-environmental relationships) and / or joint effects of multiple 
sets of explanatory variables on community composition (see Borcard et al. (1992); (Dray et 
al., 2012). The aim of these analyses was to quantify the unique and joint effects on an 
invertebrate community of different sets of explanatory variables, and the relative 
contribution of each explanatory variables and the joint effect (if any) of both. This was done 
using a series of CCA and separate pCCAs. This requires three separate analyses for each 
variance partitioning if there are two types of explanatory variables. For example, as was used 
in Chapter 1, see below procedures. 
 CCA1: Inverts ~ Current crop + previous crop  
 pCCA1: Inverts ~ Current crop + partial (Previous crop) 
 pCCA2: Inverts ~ Previous crop + partial (Current crop)  
In the above, the variance explained by CCA1 measures the effects of the current crop and/or 
previous crop; pCCA1 is the effect from only the current crop; pCCA2 is the effect from only 
the previous crop. VP is also used to calculate the shared (or combined) effect of both the 
current crop and the previous crop using the inertia (a measure of the total variance in CCA 
and pCCAs). This can be calculated as: 
 a = pure (independent) effect of current crop = pCCA1 
 b = pure (independent) effect of previous crop = pCCA2 
 c = joint effect of both current crop and previous crop = CCA1 - pCCA1 - pCCA2 
 d = unexplained variation = Total inertia - CCA1 
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The above values can then be converted into percentages for ease of interpretation by division 
of a, b, c, or d by the total inertial. The significance of the three individual components (a, b 
or c) was tested by Monte Carlo permutation tests (999 permutations); separate sets of VP 
analyses were done for the different functional groups on both management systems. The 
most important crop types that contribute to the unique effect of current or previous year’s 
crop can be identified via Monte Carlo permutation tests, but this cannot be done reliably for 
the joint effect (Buttigieg and Ramette, 2014). 
To calculate VP for an analysis containing three explanatory variables, a more complex series 
of CCAs and pCCAs needed to be done. This method of calculation via three explanatory 
variables were used in Chapter 6. VP results can readily be displayed as table or Venn’s 
diagram (Cushman and McGarigal, 2002) for ease of interpretation, with two circles (not 
drawn to scale) representing the current or previous crop, placed within an enclosing 
rectangle. The larger the area of the circle, the more important is that variable in explaining 
variation within the invertebrate community. Where the circles representing the current and 
previous crop overlap, this indicates the joint effect of both variables on the invertebrate 
community. The area outside of the circles within the enclosing rectangle represents the 
unexplained variation. In this thesis however, due to the complexity of some of the VP 
analyses, results were presented in tables for clarity.
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 Invertebrate life-histories and the relationships between 
invertebrates in the boundary, field edge and crop 
3.1 Abstract 
Agricultural intensification has led to a reduction of field boundaries, but how boundary 
habitats, and invertebrates within them, affect invertebrates in the field edge and crop is 
unclear. We assessed the effects of boundary type on the abundance of the ten most common 
taxa in the boundaries (in three functional groups: epigeal predators; foliar predators / 
parasitoids; herbivores / pollinators). Boundary types were short and tall grassland, hedgerow 
and woodland. Sampling was by pitfall traps and pan traps in the field boundary (0 m) and 
field edge (5 m) and crop (40 m). Multiple generalized linear models (via mvabund) were 
used to directly assess the effects of boundary habitat type on individual taxa within the 
boundaries. Relationships between boundary taxa and the same taxa in the field edge or crop 
were assessed with a combination of partial CCA and Procrustes analyses. These latter 
analyses were also used to assess whether the relationships between boundary and field edge 
or crop taxa differed according to boundary habitat type, or amongst individual taxa. 
Analysis of taxa via mvabund indicated that epigeal predators were most responsive to 
boundary habitat type, often being most abundant in hedgerows or along woodlands. In the 
organic system, whilst some taxa showed a response to boundary type, patterns were less 
consistent. Under both management systems, pCCA plus Procrustes indicated stronger 
associations between the boundary invertebrates and those in the field edge (5 m) than in the 
crop (40m). The relationship between boundary and field edge invertebrates was particularly 
strong for epigeal predators in the conventional system with hedgerow boundaries. Univoltine 
taxa with moderate dispersal abilities (in epigeal predators and foliar predators / parasitoids) 
also showed stronger links between abundance in boundary and field edge, but no consistent 
patterns with life-history traits were found for herbivores / pollinators. 
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3.2 Introduction 
There has been a big change in the UK over the past 50 years towards larger fields, fewer 
hedgerows and mechanical management of hedgerows (thin, open hedges, rather than 
traditional 'layered' dense hedgerows). This has resulted in decreased biodiversity as a result 
of fragmented semi-natural habitats, and a more homogeneous landscape in part due to an 
increase in field size (Brooks et al., 2012; Teja et al., 2012). Consequently, European 
governments have established agricultural environmental schemes in order to help mitigate 
the biodiversity loss (Jenni et al., 2014). 
In a broader context, field boundaries provides shelter, food source, breeding sites and 
overwintering habitats (Denys and Tscharntke, 2002; Wamser et al., 2011). The ability of 
field boundaries and associated invertebrate communities to influence neighboring 
invertebrates in crops (field edge - 5m or crop centre - 40m) can however be affected by 
herbicides and fertilizer drifts (Aude et al., 2004). Moreover, relatively undisturbed perennial 
grassland boundaries tend to maintain higher invertebrate abundance of natural enemies 
(Collins et al., 2003). The influence of “field boundary habitats”, has led to the investigation 
of invertebrate movement between crops and field boundaries and vice versa, assessed with 
Coccinellids (Rand and Louda, 2006) and parasitic wasps (Macfadyen and Muller, 2013). See 
reviews by Rand et al. (2006)  and Blitzer et al. (2012).  
At the farm-scale, studies of invertebrate habitats thought to increase invertebrate natural 
enemies developed from weed strips and margins (Lys, 1994; Marshall and Moonen, 2002) 
into the creation of ‘beetle banks’ (MacLeod et al., 2004). These concepts were incorporated 
into agri-environment schemes (Whittingham, 2006; Aviron et al., 2009), with sown field 
margins introduced to enhance both invertebrate and bird activity (Pywell et al., 2012). 
However, the effectiveness of these schemes is disputed (Kleijn et al., 2001; Herzog, 2005). 
Changes at the farm-scale have been advocated to provide more ecosystem services and to 
reduce the impact of agricultural intensification (Bommarco et al., 2013). 
The extent to which the field boundaries and their associated invertebrates affect invertebrates 
found in crop fields depends on their foraging distance, dispersal abilities and available food 
(Kremen et al., 2007; Hof and Bright, 2010). For example, butterflies are able to disperse at 
greater distance (Zimmermann et al., 2011) than carabids, which mainly disperse by walking 
or short flights. Smaller size ground beetle species are associated with highly managed 
agricultural sites (Ribera et al., 2001). Plant cover and structure influences ground beetle 
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distributions (Eyre et al., 2016b), with small, flying species on arable land and larger, poorer-
flying species after conversion to willow with a preference for less disturbed habitats. 
Holland et al. (2005) advocated studies of arthropod communities across different habitats in 
agroecosystems; they noted that most studies were based on single field, crop and primarily 
Carabidae, but that a broader range of both crops / habitats and taxa should be studied. This 
chapter addresses this issue through a study of a wide range of invertebrate taxa in field 
boundaries, field edge, and a variety of crops under both organic and conventional 
management.  The primary aims are to: 
1) Field boundary types can influence the composition of the most abundant taxa in the 
field boundary 
2) The relationship between the invertebrate taxa in the field boundary with similar taxa in 
field edge (5 m) and crops (40 m) is affected by the type of field boundary 
3) Differences in the relative abundance of field boundary taxa at 5 m or 40 m is related to 
their life history 
 
Unlike previous chapters, the analyses describes in this chapter focus primarily on the 
ten most abundant taxa in the field boundaries, and relate these to the same taxa in the 
field edge and crop.  
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3.3 Methods and Materials 
3.3.1 Study area and management 
Research was conducted at Nafferton Farm, Newcastle university teaching and research 
commercial farm in northern England, Northumberland, UK in 2015. Full details of the farm 
and invertebrate sampling methods are provided in Chapter 2, section 2.1.1. Invertebrates 
were identified to family, sub-family and tribe, according to Chinery (1993); Roberts (2001); 
Luff (2007) and confirmed by expert entomologist Dr M.D. Eyre, depending on functional 
group, and counted. A detailed account of sampling sites can be found in Table 2.1 and Table 
2.2, whilst Figure 2.3 and Figure 2.4 provides a practical outline. 
3.3.2 Life history traits (dispersal potential) 
Four important life history traits that best represent morphology and behaviour were collated 
for individual taxa. For the body length (small (<5 mm), medium (5-9 mm) and large (>10 
mm); locomotion (generally fly, generally crawl); dispersal potential (short distance (<10 m), 
medium (1- 100 m), long (>101); voltinism (one generation per year), (> one generation per 
year). Invertebrate trait data were obtained from multiple peer-reviewed literature, especially 
den Boer (1977); Forsythe (1983); Castella and Speight (1996); Schweiger et al. (2005); 
Tauber et al. (2009); Katharina et al. (2014); Amici et al. (2015); Carola et al. (2015) and 
expert advice (Dr M.D. Eyre). 
3.4 Data Analyses 
Data analyses were restricted to the 10 most abundant taxa within each of the three functional 
groups that were sampled in the field boundaries in each management system. In all three 
functional groups in both farm management systems the top 10 taxa in the boundaries 
comprised more than 95% of individuals sampled. The relative abundance of these same taxa 
in the field edge and crop were compared to those in the boundaries for further analysis.
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3.4.1 Aim 1: Changes in invertebrate abundance as a result of the type of field boundary 
The manyglm function from the R package mvabund (Yi et al., 2012) was used to determine 
the relationship between taxa abundance and field boundary type. The manyglm function fits 
separate univariate, generalized linear models to the abundance of each taxon (response) to 
the boundary habitat type (explanatory) taking into account the possible correlations between 
the taxa. It is particularly useful where the variance is relatively low for an individual taxon, 
or the data are sparse (Alistair et al., 2000). Initially the Poisson error model was used for the 
analysis, but as this was over-dispersed (probably due to the sparse data) a negative-binomial 
distribution was used. Likelihood ratio tests (LRT) are used to determine significance for each 
taxon via resampling (Yi et al., 2012). 
3.4.2 Aim 2: Effect of field boundary type on relationships between boundary 
invertebrates and those in the field edge or crop 
Three sets of ordinations were undertaken to characterize the composition of the most 
abundant invertebrates in the boundary, field margin and crop. Note that the same set of taxa 
in each functional group was analyzed in all three ordinations, i.e. the 10 most abundant taxa 
found in the boundaries. To eliminate the effects of crop type affecting invertebrate 
composition partial canonical correspondence (pCCA) was used, with crop type as a 
conditioning variable. Thus the form of the ordinations were: 
Invertebrates in boundary ~ Condition (crop type) 
Invertebrates in edge ~ Condition (crop type) 
Invertebrates in crop ~ Condition (crop type) 
Any two ordinations with the same number of sites, as in this study, can be compared via 
Procrustes rotation (Gower, 1975). As the name suggests, the analysis rotates and rescales the 
site scores in the two ordinations that are being compared until the fit between them is 
maximized. The relationship between them is summarized via the m2 statistic (on a scale 
between 0 and 1), whose interpretation is analogous to that of a convention regression R2 
statistic. The significance of the m2 statistic can be tested via permutation tests; we used the 
implementation of the 'protest' function in the R package 'vegan' (Oksanen J, 2015). The 
significance of overall similarity of the boundary vs field edge, and boundary vs crop 
invertebrate communities was assessed by comparing their pCCA scores through Procrustes 
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tests. In addition to the overall m2 statistic and significance test, Procrustes analysis calculates 
a residual for each pair of sites being compared. The size of the residuals from a Procrustes 
analysis indicate the degree to which the invertebrates for each pair of sites were similar. In 
other words, a site with small Procrustes residuals corresponds to high similarity in the 
invertebrate species composition between the boundary vs field edge or boundary vs crop, and 
vice versa. The Procrustes residuals for each site were summarized according to the boundary 
type, to determine whether boundary type had any effects on the similarity between boundary 
vs field or crop invertebrate communities. 
3.4.3 Aim 3: Assess effects of boundary invertebrate life histories on their relative 
abundance in the field edge or crop 
The first part of this analysis was to make a comparison of the boundary vs field edge or crop 
invertebrate communities having accounted for any effects of both boundary and crop type. 
Therefore the separate pCCAs were expanded so that both boundary and crop type were used 
as partial (constraining) variables: 
Invertebrates in boundary ~ Condition (boundary type) + Condition (crop type) 
Invertebrates in edge ~ Condition (boundary type) + Condition (crop type) 
Invertebrates in crop ~ Condition (boundary type) + Condition (crop type) 
Site scores were compared as before, and the Procrustes m2 statistic tested for significance. 
It is usually not possible to investigate individual taxa via Procrustes rotation, as typically 
each matrix of sites x taxa being compared has different numbers of taxa present. However, in 
our study analyses were restricted to the same 10 taxa in all cases, which meant that the taxa 
pCCA scores could also be compared via Procrustes rotation. The advantage this approach is 
that the Procrustes residuals for individual taxa can then be extracted. Taxa with very low 
Procrustes residuals indicate a close correspondence in their relative abundance in the 
boundary vs field edge, or boundary vs crop, and vice versa.
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3.5 Results 
3.5.1 Organic management: Changes in invertebrate abundance as a result of the type of 
field boundary 
Overall, taxa composition of epigeal predators in the organic system differed significantly 
between habitat types in the field boundaries that they were found in (LRT=85.92, P=0.005 - 
Table 3.1). Most predatory taxa (e.g. Bembidiini and Staphylininae) were significantly more 
abundant in short grass boundaries or showed other responses to boundary type (Table 3.1 A). 
In contrast, the taxonomic composition of foliar predators/parasitoids did not significantly 
differ between the field boundaries (LRT=32.96, P=0.256 - Table 3.1 B). Overall 
herbivore/pollinator composition differed significantly between the field boundary habitats in 
the organic system (LRT=72.64, P=0.013 - Table 3.1 C). The two most abundant taxa in this 
group, flea beetle Alticinae and sap beetle Nitidulidae (both small size, plant or pollen 
feeders) were most abundant in tall grass boundaries.  
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Functional groups Totals Hedge  Short  Tall  
Boundary 
LRT/p-value 
A. Epigeal predators         85.92/0.005 
Bembidiini  2807 109 520 85 20.15/0.019 
Harpalini 248 60 23 6 22.71/0.013 
Loricerini 232 19 29 13 3.74/0.564 
Nebriini  552 34 61 40 1.21/0.936 
Platynini 596 60 72 31 4.33/0.520 
Pterostichini 4780 409 367 416 0.10/1.000 
Zabrini 249 21 21 21 0.00/1.000 
Aleocharinae 131 2 22 7 24.02/0.011 
Staphylininae 1097 54 157 61 9.53/0.148 
Tachyporinae 339 26 28 30 0.089/1.000 
Total 11031         
B. Foliar predators/parasitoids         32.96/0.256 
Braconidae 255 12 38 13 2.81/0.779 
Ichneumonidae 450 46 34 37 0.649/0.972 
Platygasteridae  9 1 0 1 5.61/0.533 
Proctotrupidea 50 11 4 2 4.38/0.702 
Pteromalidae 2 0 1 0 4.39/0.702 
Forficulidae 13 1 1 2 0.65/0.972 
Panorpidae 45 1 1 7 6.54/0.461 
Syrphidae 46 3 3 5 0.792/0.972 
Cantharidae 464 20 31 51 3.51/0.779 
Coccinellidae 43 2 7 2 3.59/0.779 
Total 1377         
C. Herbivores/pollinators         72.64/0.013 
Alticinae 2807 15 14 43 8.62/0.353 
Ceutorhynchinae 641 39 31 16 15.02/0.073 
Chrysomelinae 249 17 18 13 2.51/0.829 
Elateridae 188 21 8 7 7.92/0.377 
Entiminae 574 21 14 17 3.60/0.829 
Nitidulidae 2157 41 21 57 14.38/0.079 
Cicadellidae 40 18 7 1 13.05/0.096 
Miridae 68 6 4 17 3.37/0.829 
Apidae 174 22 15 37 1.51/0.829 
Tenthredididae 265 20 5 18 2.63/0.829 
Total 7163         
Table 3.1 Relative abundance and mean number of individuals together with 
significances obtained from Mvabund analyses for, A) epigeal predators, B) foliar 
predators/parasitoids and C) herbivores/pollinators in the organic system. 
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3.5.2 Organic management: Effects of field boundary type on relationship between 
boundary invertebrates and those in the field edge or crop 
When only crop type was partialled-out, in the organic system (Figure 3.1), Procrustes 
analysis revealed a significant relationship between epigeal predator assemblage in the field 
boundary and field edge (59%, m2=0.648, P=0.045 - Figure 3.1 A) but not for assemblage in 
the crop (47%, m2=0.778, P=0.160- Figure 3.1 B). There was a closer association in the 
taxonomic composition of epigeal predators in the field boundary and field edge when the 
field boundary comprised hedge or short grassland, but a poorer association between the 
communities when the boundary was tall grassland. This is indicated by the smaller 
Procrustes residuals for hedge and short grassland in compared to tall grassland. 
Overall, foliar predator/parasitoids composition in the field boundary were not similar to 
those in the field edge and crop (26%, m2=0.931, P=0.756; m2=0.882, P=0.443 respectively) 
when crop type was partialled-out (Figure 3.2 A). For both field edge and crop the 
relationships between taxonomic compositions was best in short grass boundaries, as these 
had the lowest Procrustes residuals. 
Procrustes analyses revealed a significant association between herbivore/pollinator 
assemblages in the field boundary habitats and their assemblages in field edges (63%, 
m2=0.695, P=0.016) when crop type was partialled-out (Figure 3.3 A). The boundary vs field 
edge residuals were least with tall boundaries, suggesting a stronger association between the 
boundary and edge invertebrates next to that type of boundary. The relationship was non-
significant further into the field (21%, m2=0.956, P=0.814 - Figure 3.3 B). There was no 
obvious differences between the boundary habitats. 
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Figure 3.1 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant epigeal predators between: A) field boundary and 
field edge (59%, m2=0.648, P=0.045); B) field boundary and crop (47%, m2=0.778, 
P=0.160) in the organic system. 
A 
B 
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Figure 3.2 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant foliar predators/parasitoids between: A) field 
boundary and field edge (26%, m2=0.931, P=0.756); B) field boundary and crop (34%, 
m2=0.882, P=0.443) in the organic system.  
B 
A 
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Figure 3.3 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant herbivores/pollinators between: A) field boundary 
and field edge (63%, m2=0.597, P=0.016); B) field boundary and crop (21%, m2=0.956, 
P=0.814) in the organic system.  
A 
B 
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3.5.3 Organic management: Effects of boundary invertebrate life histories on their 
relative abundance in the field edge or crop 
Epigeal predator community composition had significant similarity between field boundary 
and field edge when both boundary type and crop type were partialled-out (71%, m2=0.500, 
P=0.014 - Figure 3.4 A). The best fits between field boundary and field edge (lower residual 
scores) were observed for univoltine predatory taxa Aleocharinae and Nebriini, both relatively 
good flying groups. There were poorer fits (larger residuals), for large size Pterostichini and 
Staphylinidae between field boundary and field edge. Overall there was not a relationship 
between epigeal predators in the field boundary and crop (55%, m2=0.695, P=0.087 - Figure 
3.4 B). At 40 m away from the field boundary, lower residual scores were observed amongst 
univoltine generalist feeders Platynini and Zabrini whilst high scores was found for large 
univoltine Pterostichini. The most abundant taxa, Pterostichini, had high residual score in 
both field edge and crop. 
Foliar predator/parasitoids relationships between boundary and field edge and crop are 
summarized in Figure 3.5. These were non-significant at both 5 m and 40 m (37%, m2=0.863, 
P=0.502; 26%, m2=0.930, P=0.625; respectively). Procrustes residuals were lower for 
medium size Coccinellidae at both distances see Table 3.2. 
As with earlier analyses of herbivores/pollinators, when both crop and boundary type were 
partialled-out, significant relationships were detected between boundary and field edge 
communities (64%, m2=0.596, P=0.043- Figure 3.6 A), but not 40 m into the crop (49%, 
m2=0.758, P=0.166 - Figure 3.6 B). The closest relationships between the boundary and field 
were observed for medium size, sap feeders Ceutorhynchinae (weevils, low residual scores) 
whilst poor fits (high residual scores) were detected for Elateridae at both field distances see 
Table 3.2). 
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Figure 3.4 Procrustes residuals plot, showing the similarities in the pCCA configuration 
of ten most abundant epigeal predators between A) field boundary and crop (71%, 
m2=0.500, P=0.014); B) field boundary and field center (55%, m2=0.694, P=0.087) in the 
organic system.  
B 
A 
61 
 
 
 
Figure 3.5 Procrustes residuals plot, showing the similarities in the pCCA configuration 
of ten most abundant foliar predators/parasitoids between A) field boundary and field 
edge (37%, m2=0.863, P=0.502); B) field boundary and crop (26%, m2=0.930, P=0.625) 
in the organic system. 
A 
B 
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Figure 3.6 Procrustes residuals plot, showing the similarities in the pCCA configuration 
of ten most abundant herbivores/pollinators between A) field boundary and field edge 
(64%, m2=0.596, P=0.043); B) field boundary and crop (49%, m2=0.758, P=0.166) in the 
organic system.  
B 
A 
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Taxa 
Field boundary(0m) Field edge(5m) Crop(40m)  
Abundance % Abundance % Abundance % 
A. Epigeal predators         
Bembidiini 2807 25.4 2668 30.9 2415 24 
Harpalini 248 2.2 123 1.4 179 1.8 
Loricerini 232 2.1 298 3.4 285 2.7 
Nebriini 552 5.1 286 3.3 449 4.5 
Platynini 596 5.4 727 8.4 683 6.8 
Pterostichini 4780 43.3 2780 32.1 3549 35.2 
Zabrini 249 2.3 186 2.2 202 2 
Aleocharinae 131 1.2 187 2.2 211 2.3 
Staphylininae 1097 9.9 1214 14 1918 19.1 
Tachyporinae 339 3.1 179 2.1 173 1.6 
Total 11031   8648   10064   
B. Foliar predators/ 
parasitoids 
       
 
Braconidae 255 18.5 257 21.7 623 36.9 
Ichneumonidae 450 32.7 385 32.5 545 32.3 
Platygasteridae 9 0.7 6 0.5 32 1.9 
Proctotrupidae 50 3.6 26 2.2 45 2.7 
Pteromalidae 2 0.1 7 0.6 1 0.1 
Forficulidae 13 0.9 3 0.3 2 0.1 
Panorpidae 45 3.4 17 1.3 13 0.8 
Syrphidae 46 3.3 41 3.4 48 2.8 
Cantharidae 464 33.7 358 30.2 285 16.8 
Coccinellidae 43 3.1 86 7.3 95 5.6 
Total 1377   1186   1689   
C. Herbivores/ 
pollinators 
       
 
Alticinae 2807 39.2 2118 23.7 3749 32.8 
Ceutorhynchinae 641 8.9 1326 14.8 1382 12.1 
Chrysomelinae 249 3.5 168 1.9 125 1.1 
Elateridae 188 2.6 44 0.5 18 0.2 
Entiminae 574 8 609 6.8 485 4.2 
Nitidulidae 2157 30.1 4046 45.2 5003 43.7 
Cicadellidae 40 0.7 15 0.2 19 0.2 
Miridae 68 0.9 155 1.7 302 2.5 
Apidae 174 2.4 191 2.1 169 1.5 
Tenthredididae 265 3.7 273 3.1 193 1.7 
Total 7163   8945   11445   
Table 3.2 The relative abundance and percentage abundance (0m, 5m and 40m) for the 
three functional groups: A) epigeal predators, B) foliar predators/parasitoids and C) 
herbivores/pollinators in the organic system.
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3.5.4 Conventional management: Changes in invertebrate abundance as a result of the 
type of field boundary 
Overall, taxa composition of epigeal predators in the conventional system differed 
significantly between habitat types in the field boundaries (LRT=94.73, P=0.003 - Table 3.3). 
Five epigeal predators varied significantly across boundary types Notiophilini (LRT=11.62, 
P=0.009), Nebriini (LRT=17.06, P=0.017), Platynini (LRT=17.04, P=0.017), Zabrini 
(LTR=7.68, P=0.045) being most abundant along woodland boundaries. Overall foliar 
predator/ parasitoid abundance differed significantly between field boundary habitats 
(LRT=81.56, P=0.002), although there were no consistent patterns amongst taxa with regard 
to their life histories. Herbivores/pollinators did not significantly differ between the field 
boundaries in which they were sampled (LRT=2.44, P=0.103).  
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Functional groups Totals Hedge  Tall  Woodland  
Boundary 
LRT/p-
value 
A. Epigeal predators         94.73/0.003 
Bembidiini  2087 80 134 205 7.33/0.240 
Loricerini 383 9 52 23 11.59/0.050 
Nebriini  790 23 27 102 17.06/0.017 
Notiophilini 107 3 5 13 11.62/0.009 
Platynini 1079 16 22 155 17.04/0.017 
Pterostichini 3896 326 134 343 2.96/0.327 
Zabrini 457 17 26 48 7.68/0.045 
Aleocharinae 158 20 7 8 5.24/0.327 
Staphylininae 789 38 34 83 9.02/0.045 
Tachyporinae 896 75 24 84 4.87/0.327 
Total 10642         
B. Foliar 
predators/parasitoids 
        81.56/0.002 
Braconidae 455 41 3 46 16.47/0.014 
Ichneumonidae 622 71 28 38 4.79/0.611 
Platygasteridae  12 2 1 1 1.06/0.878 
Proctotrupidea 15 2 1 2 1.17/.0878 
Pteromalidae 20 2 0 2 4.18/0.666 
Forficulidae 100 1 1 16 16.63/0.014 
Panorpidae 40 4 8 1 3.69/0.666 
Syrphidae 168 4 3 24 23.33/0.002 
Cantharidae 261 20 25 14 2.48/0.771 
Coccinellidae 30 1 3 3 7.76/0.248 
Total 1723         
C. Herbivore/pollinators         2.44/0.103 
Alticinae 372 15 14 47 6.29/0.554 
Ceutorhynchinae 376 39 31 16 2.57/0.824 
Chrysomelinae 215 17 18 13 0.49/0.973 
Elateridae 158 21 8 7 4.56/0.693 
Entiminae 243 21 14 17 0.37/0.973 
Nitidulidae 585 41 21 57 3.77/0.696 
Cicadellidae 370 18 7 1 8.20/0.374 
Miridae 138 6 4 17 5.76/0.597 
Apidae 209 23 15 37 4.01/0.696 
Tenthredididae 106 21 5 18 8.02/0.374 
Total 2772         
Table 3.3 Relative abundance and mean number of individuals together with 
significances obtained from Mvabund analyses for, A) epigeal predators, B) foliar 
predators/parasitoids and C) herbivores/pollinators in the conventional system. 
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3.5.5 Conventional management: Effects of field boundary type on relationship between 
boundary invertebrates and those in field edge or crop 
When only crop type was partialled-out (Figure 3.7), in the conventional system, Procrustes 
analyses revealed a significant relationships between epigeal predators assemblage in the field 
boundary and field edge (51%, m2=0.743, P=0.050 - Figure 3.7 A) but not for assemblage in 
the crop at 40 m (39 %, m2=0.844, P=0.259- Figure 3.7 B). There was a closer association in 
the taxonomic composition of epigeal predators in the field boundary and field edge when the 
field boundary comprised of hedge, but a poorer association between communities when the 
boundary was tall grassland. This was indicated by the small Procrustes residuals for hedge in 
compared to tall grassland. 
There was a significant association between foliar predator/parasitoid assemblages in field 
boundaries and field edges (72 %, m2=0.470, P<0.001 - Figure 3.8 A) but the relationship was 
non-significant at greater distances into crop fields (41 %, m2=0.828, P=0.217 - Figure 3.8 B). 
There was a closer taxonomical association for foliar predators/parasitoids in the field 
boundary and field edge when field boundary comprised of tall and woodland boundaries, but 
poor association between communities when the boundary was hedge. However, there was no 
obvious differences between the boundary habitats for invertebrates common to both 
boundary and crop. 
Overall, herbivore/pollinator composition in the field boundary were not similar to those in 
both field edge and crop (18 %, m2=0.967, P=0.902; 35 %, m2=0.875, P=0.406 respectively - 
Figure 3.9) when crop type was partialled-out. Nevertheless, for both field edges and crop the 
relationship between taxonomical composition was best in hedge boundaries, indicated by the 
lower Procrustes residual scores.
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Figure 3.7 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant epigeal predators between: A) field boundary and 
field edge (51%, m2=0.743, P=0.050); B) field boundary and crop (39%, m2=0.844, 
P=0.259; Figure 2) in the conventional system. 
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Figure 3.8 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant foliar predators/parasitoids between: A) field 
boundary and field edge (72%, m2=0.470, P<0.001); B) field boundary and crop (41%, 
m2=0.828, P=0.217) in the conventional system. 
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Figure 3.9 Procrustes rotation residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant herbivores/pollinators between: A) field boundary 
and field edge (18%, m2=0.967, P=0902); B) field boundary and crop (35%, m2=0.875, 
P=0.406) in the conventional system.  
A 
B 
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3.5.6 Conventional management: Effects of boundary invertebrate life histories on their 
relative abundance in field edge or crop 
When both boundary and crop type were partialled-out (Figure 3.10), epigeal predator 
composition in the field boundary had non-significant similarity between field boundary and 
assemblages in field edge and crop (45%, m2=0.794, P=0.254; 35%, m2=0.875, P=0.523 
respectively - Figure 3.10 A and Figure 3.10 B). The strongest association (low residual 
scores) between field boundaries and field edge or crop habitats were Zabrini and 
Staphylininae, generally strong flying dispersers. Weak association (large residual scores) 
between boundary invertebrates and the two other habitats occurred in Nebriini (generally 
disperse by flight) and large-bodied Pterostichini (some species mainly disperse by walking). 
Pterostichini was the most abundant epigeal predator in all three field position Table 3.4. 
Overall, foliar predator/parasitoid communities in the field boundary were not similar to those 
in the field edge (39 %, m2=0.843, P=0.385 - Figure 3.11 A). However, foliar 
predator/parasitoid in crop at 40m were associated with those in the field boundaries (66%, 
m2=0.556, P=0.014 - Figure 3.11 B). Association were best (low Procrustes residual scores) 
for predatory- Cantharidae and Ichneumonidae between field boundary and field edge. At 
40m into the field, lower residual scores were observed amongst abundant parasitoid-
Braconidae and predator- Syrphidae Table 3.4. 
Herbivore/pollinator communities in the conventional system showed weak association 
between boundaries and both distances into the field (26 %, m2=0.930, P=0.821; 21%, 
m2=0.956, P=0.927; respectively - Figure 3.12 A and Figure 3.12 B). The closest relationship 
between the boundary and the crop field was observed with the abundant taxa Nitidulidae 
(pollen beetle; See Table 3.4 taxa percentage in the three positions). 
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Figure 3.10 Procrustes residuals plot, showing the similarities in the pCCA 
configuration of ten most abundant epigeal predators between A) field boundary and 
field edge (45%, m2=0.794, P=0.254); B) field boundary and crop (35%, m2=0.875, 
P=0.523) in the conventional system.  
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Figure 3.11 Procrustes superimposition residuals plot, showing the similarities in the 
pCCA configuration of ten most abundant foliar predators/parasitoids between: A) field 
boundary and field edge (39%, m2=0.843, P=0.385); B) field boundary and crop (66%, 
m2=0.556, P=0.014) in the conventional system. 
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Figure 3.12 Procrustes superimposition residuals plot, showing the similarities in the 
pCCA configuration of ten most abundant herbivores/pollinators between A) field 
boundary and field edge (26%, m2=0.930, P=0.821); B) field boundary and crop (21%, 
m2=0.956, P=0.927) in the conventional system. 
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Taxa 
Field boundary(0m) Field edge (5m) Crop (40m) 
Abundance % Abundance % Abundance % 
A. Epigeal predators         
Bembidiini 2087 19.6 2746 25.7 2853 22.3 
Loricerini 383 3.6 578 5.4 893 7 
Nebriini 790 7.4 770 7.2 917 7.2 
Notiophilini 107 1 194 1.9 69 0.5 
Platynini 1079 10.1 1086 10.2 807 6.4 
Pterostichini 3896 36.6 3245 30.4 4985 39.1 
Zabrini 457 4.3 581 5.4 526 4.1 
Aleocharinae 158 1.5 112 1 107 0.8 
Staphylininae 789 7.5 982 9.2 1221 9.7 
Tachyporinae 896 8.4 373 3.6 374 2.9 
Total 10642   10667   12752   
B. Foliar predators/ 
parasitoids 
       
 
Braconidae 455 26.4 155 34 194 23.6 
Ichneumonidae 622 36.1 80 17.6 485 58.9 
Platygasteridae 12 0.7 1 0.2 11 1.3 
Proctotrupidae 15 0.9 2 0.4 9 1.1 
Pteromalidae 20 1.2 2 0.4 1 0.1 
Forficulidae 100 5.8 35 7.8 1 0.1 
Panorpidae 40 2.3 1 0.2 6 0.7 
Syrphidae 168 9.8 85 18.6 29 3.6 
Cantharidae 261 15.1 73 16 64 7.8 
Coccinellidae 30 1.7 22 4.8 23 2.8 
Total 1723   456   823   
C. Herbivores/ 
pollinators 
       
 
Alticinae 372 13.4 294 9.2 246 8.2 
Ceutorhynchinae 376 13.6 225 7.1 302 10.1 
Chrysomelinae 215 7.8 34 1.1 14 0.5 
Elateridae 158 5.7 21 0.7 23 0.8 
Entiminae 243 8.8 76 2.4 59 2 
Nitidulidae 585 21.1 2339 73.7 2191 73.3 
Apidae 370 13.3 131 4.1 86 2.8 
Miridae 138 5 20 0.6 42 1.4 
Tenthredinidae 209 7.5 31 1 24 0.8 
Cicadellidae 106 3.8 1 0.1 3 0.1 
Total 2772   3172   2990   
Table 3.4 The relative abundance and percentage abundance (0m, 5m and 40m) for the 
three functional groups: A) epigeal predators, B) foliar predators/parasitoids and C) 
herbivores/pollinators in the conventional system. 
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3.6 Discussion 
This study has demonstrated that management practices and field boundary type had variable 
effects on the most abundant invertebrates occurring in the field boundary. The abundance of 
these invertebrates was affected by boundary type, although the effect was more pronounced 
and across a wider range of taxa in the conventional than organic system. The relationships 
between the invertebrates in the field edge and crop, and the same taxa in the boundaries, 
appeared to depend on the boundary type and management, with stronger associations with 
the invertebrates at 5 m than at 40m. When the effects of boundary and crop type were 
removed, this association was apparent in the organic system, but not the conventional. Some 
life-history traits appeared to be associated with stronger relationships between the boundary, 
edge and crop invertebrates, especially univoltine taxa with moderate dispersal abilities in 
epigeal predators and foliar predators / parasitoids. No consistent patterns with life-history 
traits were found for herbivores / pollinators. Note that the research described in this chapter 
cannot quantify the numbers of invertebrates moving from boundaries into field edges or 
crop, and those moving from field edges or crop into boundaries. This would require studies 
using marked individuals. 
3.6.1 Boundary type 
In the organic system, results showed that invertebrates in the field boundaries had no strong 
preference to a particular type of boundary, except for epigeal predators that were most 
abundant in short grassland boundaries. Vegetation in the organic field boundaries was more 
species-rich, possibly from lack of herbicide and artificial fertilizer applications (Aude et al., 
2003; Roschewitz et al., 2005a; Ekroos et al., 2010b). This resulted in field boundary habitats 
that are relatively similar to each other in vegetation structure, composition and local micro 
climate at the base of the vegetation structure (Egan et al., 2014). 
In contrast, in the conventional system, there was generally a greater abundance of 
invertebrates in hedge and woodland boundaries compared with grasslands. The exact causal 
mechanisms for this are unclear, but one possibility is that mature hedgerows reduce the 
amount of spray drift between adjacent fields (Davis et al., 1994; Boutin and Jobin, 1998; 
Marshall and Moonen, 2002), leading to greater vegetation diversity along the base of the 
hedgerows (Boutin and Jobin, 1998; French and Cummins, 2001). For example, in two 
adjacent conventional fields separated only by a narrow short-grass boundary, spray drift may 
result in the grass boundary accidentally receiving a double-dose of pesticide. This risk might 
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be reduced where two conventional fields are separated by hedgerows. Invertebrate and flora 
diversity is known to be positively correlated with more arthropods in hedges than crop edge 
(Thomas and Marshall, 1999). Burgio et al. (2006) reported that older and more mature 
weedy margins adjacent to hedgerows increased predatory Coccinellidae and Nabidae 
abundance, which then spillover into adjacent field edges. For more information on effects of 
hedgerows maturity see Deeming et al. (2010). Furthermore, Kremen et al. (2002) suggested 
that woodland habitat near farms can aid pollination services provided by native bees, which 
can produce a cascade effect higher up the food chain (Fuller et al., 2001; Firbank et al., 
2013). In general however, field boundaries in the conventional systems have been shown to 
be negatively affected by herbicide drift, with subsequent effects on vegetation diversity and 
fewer herbivores / pollinators (Potts et al., 2010; Oliver et al., 2015). 
3.6.2 Relationships between communities in boundary with field edge or crop 
Overall, boundary invertebrate communities were more strongly associated with invertebrates 
in the field edge compared to those in the crop, in both management systems, when 
accounting for crop type. In many ways this result is unsurprising, given the foraging and 
dispersal patterns of invertebrates over the distances investigated. Crop fields become less 
hospitable for invertebrates due to annual disturbances (tillage, cutting and ploughing) 
compared to stable field boundary environment (William and Terry, 1982; Pfiffner and 
Niggli, 1996; Giller et al., 1997; Poggio et al., 2013), see Chapter 5 on crop rotation. Many 
species of beetles short distances forage by walking. There is also evidence of a cyclical 
foraging movement between boundary and nearby field edges, possibly diurnally (Duffield 
and Aebischer, 1994; Wissinger, 1997); for example Anjum‐Zubair et al. (2010); Batáry et al. 
(2012) have shown that epigeal predators can invade field edge of arable crops. 
In addition, the similarity between boundary invertebrates and those in the field edge was 
affected by the type of boundary habitat. This association was particularly pronounced for 
epigeal predators in hedge boundaries and the field edge, but not into the crop itself. This may 
be related to the grass and wildflower mix used adjacent to the hedge-bottom, which resulted 
in a species rich habitat and stable local micro-climate (Moonen and Marshall, 2001). In 
addition, the low frequency with which the hedges are cut at Nafferton, sometimes less than 
once a year, leads to more stable plant communities (Valtonen, 2006; Noordijk et al., 2009) 
and thus have positive effects on invertebrates that require cover. The influence of field 
boundary habitats to provide 'ecosystem services' in the form of beneficial epigeal predators 
into the crop itself is limited (Firbank et al., 2013). Previous attempts to enhance predator 
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activity have included the provision of invertebrate habitats such as "beetle banks" (MacLeod 
et al., 2004) in agri-environment schemes, but their practical utility is contentious (Kleijn et 
al., 2001; Kleijn et al., 2006). 
3.6.3 Individual taxa and life-history traits 
After accounting for both crop type and boundary type, positive associations between 
boundary invertebrates were, as expected, stronger for field edge invertebrates than crop 
invertebrates. The associations however were stronger for the organic than conventional 
system. One advantage of these analyses is the ability to compare individual taxa within each 
functional group. Under organic management, positive associations between boundary and 
field edge invertebrates were strongest for epigeal predators and herbivores / pollinators. 
Boundary-field edge associations were strongest amongst epigeal predators in univoltine taxa 
with moderate dispersal abilities, such as Aleocharinae and Nebriini (see Figure 2), both of 
which generally disperse by flight. The exact causal mechanisms for this are unclear, but one 
possibility is that flying insects may innately possess greater dispersal abilities and less likely 
to be affected by barriers between the boundary-crop divide than non-flying predators. 
However, for these epigeal predators to navigate between field boundary and the dense crop 
habitats, they often encounter different obstacles. This phenomenon was mentioned by den 
Boer (1977) where during flight invertebrates collided with obstacles (usually- plants) and fall 
to the ground, eventually reducing there dispersal distance. Fry and Main (1993) reports 
Lepidoptera (high dispersal abilities) as being impeded by hedgerows whilst Wratten et al. 
(2003) suggested Syrphidae dispersed further when there was no barriers between flowers and 
foraging site. In contrast, larger-bodied taxa such as Pterostichini usually disperse short 
distances by walking, and their abundance in field boundary was poorly associated with that 
in the field edges or crop. Trait patterns were less easy to interpret for herbivores / pollinators.
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 Relationships between agricultural management, crops and 
boundaries with invertebrate functional groups on a split 
organic/conventional farm 
4.1 Abstract 
Invertebrate abundance and composition may be affected by factors across management 
systems at different spatial scales. These differences are partly related to the application of 
herbicides and pesticides, the availability of food source in crops and surrounding field 
boundary types. I investigated the influence of management, crop and field boundary types on 
invertebrate abundance and composition of 59 invertebrate taxa, mainly families and 
subfamilies/ tribes. Sampling was done using pitfall and pan traps in crops and field 
boundaries on a split organic/conventional farm in northern England in 2015. These were split 
into three functional groups, reflecting similar traits: epigeal predators, foliar 
predators/parasitoids, and herbivores/pollinators. 
Overall, there was a significantly greater total abundance of invertebrates on the organic than 
conventional farm. Likewise, there were significantly more taxa, at both family and 
subfamily/tribe level, on organic management. In both management systems, invertebrate 
abundance, but not the number of taxa was affected by the type of crops cultivated. In the 
organic system, the activity of all three functional groups was affected by crop type, with 
greatest activity density in spring beans. Under conventional cropping, both epigeal predators 
and herbivores/pollinators were most abundant on winter barley and oilseed rape respectively. 
Across the whole farm, in the field boundaries, invertebrate abundance was greatest in short 
grassland, although the largest number of taxa (at the subfamily/tribe level) was in woodland 
boundaries. When however invertebrate functional groups were assessed within each 
management system, only herbivores/pollinators in the organic system showed a significant 
response, being most activity density in short grassland.
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Separate CCA analyses at either the family or subfamily/tribe level were undertaken to 
investigate the effects of crop type or field boundary in the two farming systems. Monte Carlo 
permutation tests indicated that both crop type and field boundary category had highly 
significant impacts on the overall community composition of the invertebrates. 
Invertebrate abundance, functional group characteristics and community composition were all 
affected by farming system (organic versus conventional), crop type and field boundaries. 
Some of these effects are not unexpected, and accord with previous studies. We also detected 
evidence that levels of soil disturbance between different organic crops may have 
disproportionate effects on invertebrate abundance and composition. 
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4.2 Introduction 
Invertebrates in agroecosystem have been studied at a range of spatial scales, from within one 
crop (Schmidt et al., 2005) to a mosaic of crops within agricultural landscapes (Duelli et al., 
1999; Billeter et al., 2008; Rusch et al., 2013; Vasseur et al., 2013). These investigations have 
highlighted differences in distribution patterns and interactions between different groups of 
invertebrates, depending on their life-histories, foraging behaviour, at various spatial scales 
(Kremen et al., 2007). For example, at larger scales a greater abundance of natural enemies 
has been observed in complex landscapes, particularly herbaceous compared to wooded 
habitats (Bianchi et al., 2006). The abundance and species richness of natural enemies and 
parasitoids is however partly dependent on the habitat type (Tylianakis et al., 2006; Lacasella 
et al., 2015), availability of food source in crops (Rand et al., 2006) and management system 
(Holland and Luff, 2000). 
At the smaller farm-scale, habitats thought to enhance invertebrate natural enemy relative 
abundance have included weed strips and margins (Lys, 1994; Marshall and Moonen, 2002) 
and ‘beetle banks’ (MacLeod et al., 2004). Agricultural environmental schemes provides 
mixed benefits (Kleijn et al., 2006; Carvell et al., 2007; Olson and Wäckers, 2007) to enhance 
farmland biodiversity. Furthermore, their effectiveness to increase biodiversity may vary 
depending on the crops being grown in the field, and the vegetation structure and composition 
of other field boundaries (Cole et al., 2002; Roschewitz et al., 2005b; Eyre, 2006). Any 
patterns may be more difficult to observe if research is focussed on a single taxonomical 
group, in a single crop, or within a single management system (Woltz and Landis, 2014). A 
more holistic approach is needed to understand the effects of both crop and boundary types, 
ideally across contrasting farm management systems such as organic and conventional. 
Research has indicated that both invertebrate abundance and biodiversity is greater on organic 
farming systems (Mäder et al., 2002; Holzschuh et al., 2007a), where inorganic chemicals are 
prohibited, than conventionally managed farms. In addition, organic farms enhances greater 
abundance and biodiversity of plants (Gabriel et al., 2006; Norton et al., 2009b), and more 
diverse habitat types(Gibson et al., 2007a). In general, there is a tendency for beneficial taxa 
to be more abundant in organic farming systems (Landis et al., 2000) which in theory should 
aid pest control (Geiger et al., 2010), increase pollination and reduce crop damage (O'Sullivan 
and Gormally, 2002; Gabriel et al., 2010a). The benefits of organic farming to biodiversity 
varies however amongst taxa (Fuller et al., 2005) depending on the crops and spatial scale of 
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the study. Inclán et al. (2015) found that landscape composition affects parasitoids species 
composition but not species richness whilst landscape heterogeneity increased butterfly 
species richness and abundance (Rundlöf and Smith, 2006). 
These findings reiterated the need for invertebrate investigation at multiple spatial scales in 
both organic and conventional systems. The life-history traits of invertebrates also affects 
their response to crop management regime and field boundaries. For example, Eyre and 
Leifert (2011a) suggested foliar-dispersed invertebrates were most abundant under organic 
management, particularly in the field boundaries. Investigation of invertebrate biodiversity 
therefore requires surveys of both crops and non-crop habitat (especially field boundaries). 
Newcastle University’s Nafferton Farm provided an ideal location to compare invertebrates 
on two halves of the same farm with different crop and management systems. Invertebrates 
within three functional groups (epigeal predators, foliar predators/parasitoids, 
herbivores/pollinators) were sampled to determine the impacts of management, crops and 
boundary types. Samples were collected from two management systems 
(organic/conventional), four boundary types (short herbaceous, tall herbaceous, hedge 
boundary, and woodland boundary) and seven crop types: winter wheat, barley, and oilseed 
rape; spring wheat, barley, beans, and grass/clover). We addressed three main questions: 
1) Invertebrate abundance and taxa richness are affected by the local management system 
2) Invertebrate abundance, taxa richness and community composition are affected by the 
type of crop cultivated 
3) Invertebrate abundance, taxa richness and community composition are affected by the 
types of field boundaries
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4.3 Methods and Materials 
Samples were collected at Nafferton Farm, located approximately 20 km west of Newcastle 
upon Tyne in Northumberland, UK. Full details of the farm are provided in Chapter 1, with 
information on invertebrate sampling methods in Chapter 2, section 2.2.1. Invertebrates were 
sampled monthly from May to September 2015, with 28 samples from the conventional half 
of the farm: 12 in wheat fields, 4 barley, and 12 in oilseed rape; and 32 from the organic: 8 in 
wheat fields, 8 in barley, 8 in beans and 8 in grass/clover (samples at 40 m within the field – 
see Chapter 2, Figure 2.3, Figure 2.4). Invertebrates in field boundaries (0 m) were sampled, 
and boundary habitat classified according to the schema described in Chapter 2 (see Table 2.2 
and Table 2.3). A small number of field boundaries were shared between fields. All pitfall and 
pan trap samples were sorted in the laboratory and invertebrates stored in 70% industrial 
methylated sprit. Invertebrates were identified to family, sub-family and tribe, according to 
Chinery (1993); Roberts (2001); Luff (2007) and confirmed by expert entomologist Dr M.D. 
Eyre, depending on functional group, and counted. 
4.3.1 Influence of management system on taxa abundance and richness 
Linear models (LM) were used to investigate the relative importance of management 
(conventional and organic) on invertebrate abundance and taxa richness, as well as the total 
numbers in each functional group. Analyses were done for individual taxa (family, subfamily 
or tribes as appropriate), broken down into the three life-history functional groups. Only 
samples taken from within the crop (i.e. at 40 m) were used in this analysis. The statistical 
analyses were performed to address two main questions. First, to determine the overall 
differences in invertebrates abundance between group (crop or boundary types), using 
multiple analyses of linear models (anova). Secondly, TukeyHSD was to determine pairwise 
differences in means between the explanatory variables (compared with each other) via anova. 
The analyses were restricted to simple LM as the ‘unbalanced’ design of the farm, with 
different crops and boundary types in the organic and conventional halves, meant that more 
advanced LME methods could not be implemented for whole - farm analyses.
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Invertebrate counts were transformed by log10(n + 1) as recommended by Crawley (2007) to 
stabilize the variance and to reduce the influence of extreme values, and analyses undertaken 
in the R statistical environment, (Pinheiro et al., 2011b). Management type (organic or 
conventional) was used a categorical explanatory variables, and number of individuals of each 
taxon, or overall taxa richness, used as the response, split by functional group. Individual taxa 
were omitted from the analysis if there was less than five individuals recorded in all the 
samples. 
4.3.2 Influence of crop type within each management system on taxa abundance and 
richness 
Linear models (LM) were used to determine the importance of crop types within and across 
both management systems on invertebrate abundance and taxa richness, and sub-divided for 
the three functional groups. This was done using three separate sets of LM models with 
invertebrate taxa abundance or richness as response variables and explanatory variables of 1) 
crop types across both management systems; 2) organic crop types only; 3) conventional crop 
types only. 
Canonical correspondence analysis (CCA) was used to assess differences in invertebrate 
community composition as a result of crop types; separate in CCA analyses were undertaken 
for each management system. The matrix of taxa by samples was used as the response, 
constrained by the explanatory variables of crop types within either the organic or 
conventional system. The contribution of each crop-type was tested via automatic forward 
selection, and statistical significance estimated using Monte Carlo permutation tests (999 
permutations). The CCAs were carried out using the CANOCO package (Ter Braak and 
Smilauer, 2002). 
4.3.3 Effect of field boundary type on taxa abundance and richness within each 
management system 
Linear models (LM) were used to determine the importance of field boundary type within 
each management system on invertebrate abundance and taxa richness for the functional 
groups. Only samples taken from within the field boundaries (i.e. at 0 m) were used in this 
analysis. This was done using three separate sets of LM models with invertebrate taxa 
abundance or richness as response variables, and explanatory variables of: 1: Field boundary 
types across both management systems; 2: organic field boundary types only; 3: conventional 
field boundary types only. 
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Canonical correspondence analysis (CCA) was used to assess differences in invertebrate 
community composition as a result of boundary type; separate CCA analyses were undertaken 
for each management system. The matrix of taxa by samples was used as the response, 
constrained by the explanatory variables of boundary type within either the organic or 
conventional system. The contribution of each boundary type was tested via automatic 
forward selection, and statistical significance estimated using Monte Carlo permutation tests 
(999 permutations). 
4.4  Results 
4.4.1 Influence of management system on taxa abundance and richness 
Significantly more invertebrates occurred per site in organic than conventional management, 
which resulted increase abundance in organic, even though the number of sites were different 
plus more families and subfamilies Table 4.1. Although the differences between taxa richness 
of subfamilies were highly significant, mean numbers of taxa between organic and 
conventional regimes were relatively low. 
 
 Organic Conventional F1,28 P-values 
Mean number of 
invertebrates 
3335 2215 47.1 <0.001 
Mean number of 
families 
20 15 25.5 <0.001 
Mean number of 
subfamilies/tribes 
19 17 25.5 <0.001 
Table 4.1 Mean number of individual invertebrate recorded from the four organic and 
three conventional crops, together with the mean number of family and subfamily taxa 
found in the two halves of the farm and the significance, degrees of freedom, derived 
from the linear models. 
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4.4.2 Influence of crop type within each management system on taxa abundance and 
richness 
Differences in the abundance across all crops in both management systems were highly 
significant for the total invertebrates (F6, 28=27.4, P<0.001) but not for the number of taxa in 
families (F6, 28=5.70, P=0.265) and subfamilies (F6, 28=5.70, P=0.262). Tukey tests showed 
that the mean abundance was significantly lower in spring wheat than in grass/clover 
(P<0.001), oilseed rape (P<0.001) and barley (P=0.028), whilst winter wheat had lower 
invertebrate abundance than grass/clover (P= 0.029). Most families and subfamilies were 
found in grass/clover, and all organic crops had slightly greater taxa richness, than the 
conventional crops. When crop type was analysed across both management systems, overall 
there were more invertebrates recorded from organic spring beans than other organic or 
conventional crops Error! Reference source not found.. Organic grass/clover had greater 
abundance than each of the three conventional crops, but the lowest mean total in any crop 
was for organic wheat. 
Summaries from separate models of organic and conventional crops are presented in Table 
4.3 There were significant differences in invertebrate abundance within the organic crops for 
the total invertebrates (F3, 12=10.8, P<0.001), and also within the conventional crops (F3, 
12=4.10, P=0.044). No significant difference in the number of families and subfamilies were 
found within the four organic or within the three conventional crops. 
Within the organic crops, all three functional groups showed differences in their abundance 
Table 4.4 epigeal predators (F3, 22=7.00, P=0.005- 14866 individuals), foliar 
predators/parasitoids (F3, 22=9.10, P=0.002- 1953 individuals) and herbivores/pollinators (F3, 
22=3.80, P=0.037- 14541 individuals). A Post hoc Tukey test indicated lower abundance of 
epigeal predators in spring wheat than grass/clover (P=0.028) or spring beans (P=0.005) and 
spring barley (P=0.004). Foliar predators/parasitoids were more abundant in grass/clover than 
spring barley (P=0.002), spring beans (P=0.041) and spring wheat (P=0.002). 
Herbivores/pollinators, were more abundant in spring beans than spring wheat (P=0.030). 
Most epigeal predators and herbivores/pollinators were in spring beans and fewest in spring 
wheat. Foliar predators/parasitoids had greatest abundance in grass/clover and least in spring 
wheat.  
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Within the conventional crops Table 4.5, only epigeal predators (F2, 21=5.30, P=0.023- 13573 
individuals) and herbivores/pollinators (F2, 21=16.8, P<0.001- 3031 individuals) had 
significant differences in mean abundance as a result of crop type. Tukey HSD tests suggested 
that the mean abundance of epigeal predators was greater on winter barley than oilseed rape 
(P=0.052) whilst herbivores/pollinators were more abundant on oilseed rape than either winter 
barley (P=0.014) or winter wheat (P<0.001). Most epigeal predators were in the cereals 
(barley and wheat) whilst most herbivores/pollinators in oilseed rape.
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 Grass 
clover 
Spring 
wheat 
Spring 
barley 
Spring 
beans 
Winter 
wheat 
Winter 
barley 
Oilseed 
rape 
F ratios P-values D.F 
Mean 
number of 
invertebrates 
 
2882 1631 3253 5575 2175 2681 2101 27.4 <0.001 6,28 
Mean 
number of 
families 
 
22 19 18 18 15 16 15 5.7 0.265 6,28 
Mean 
number of 
subfamilies 
20 18 19 18 17 17 18 5.7 0.262 6,28 
Table 4.2 Mean number of individual invertebrate recorded from the four organic (grass/clover to beans) and three conventional (winter 
wheat to oilseed rape) crops, toge  ther with the mean number of family and subfamily taxa found in each crop and the significance derived 
from the linear model.
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Organic Totals F3,12 P-values 
Total invertebrates 53370 10.8 <0.001 
Number of individual 
families 
31360 2.3  0.126 
Number of individual 
subfamilies/tribes 
2210 3.2  0.060 
Conventional Totals  F3,12 P-values 
Total invertebrates 31019 4.1 0.044 
Number of individual 
families 
17439 0.1 0.840 
Number of individual 
subfamilies/tribes 
13580 0.3 0.700 
Table 4.3 Significances derived from linear models of total number of individual, also 
total number of individuals in families and subfamilies/tribes recorded from the four 
organic and three conventional crops analysed separately. 
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Functional 
groups 
Epigeal 
predators 
Foliar 
predators/parasitoids 
Herbivores/ 
pollinators 
Grass clover 965 217 589 
Spring barley 1043 65 687 
Spring wheat 465 56 408 
Spring beans 1242 150 1949 
F3,22 7 9.1 3.8 
P-values 0.005 <0.001 0.037 
Table 4.4 Mean number of individuals in each functional group recorded from the four 
organic crops sampled in 2015, together with the P values derived from the linear 
models, F ratios and total catch. 
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Functional 
groups 
Epigeal 
predators 
Foliar 
predators/parasitoids 
Herbivores/
pollinators 
Oilseed rape 737 92 452 
Winter barley 1332 17 38 
Winter wheat 1080 41 40 
F2,21 5.3 1.5 16.8 
P-values 0.023 0.251 <0.001 
Table 4.5 Mean number of individuals in each functional group recorded from the three 
conventional crops sampled in 2015, together with the significances derived from the 
linear models, F ratios and total catch. 
 
Composition of invertebrate families and subfamilies/tribe in relation to organic crop type are 
summarised in biplots Figure 4.1. Figure 4.1A indicates that most variation was between the 
grass/clover and spring bean crops on axis 1, whilst axis 2 indicated differences between the 
two cereal crops (spring wheat/spring barley) compared to spring beans and grass/clover. A 
considerable number of families were found close to the origin, with no preference for any 
particular crop but two Hymenoptera - Parasitica wasp and one Coleoptera (Proctotrupidae, 
Braconidae; Nitidulidae) were associated with spring beans. The subfamilies/tribes biplot 
(Figure 4.1 B) differed from the family biplot in that the major variation axis 1 was between 
grass/clover and a cereal crop (spring barley) and other crops, whilst differences between 
spring beans and spring wheat were on axis 2. Neuroptera- Chrysomelinae and Coleoptera-
Molytinae were associated with barley and grass/clover, whilst Coleoptera- Criocerinae and 
Coleoptera- Aleochorinae were associated with wheat/beans. Two Carabidae tribes, 
Coleoptera- Zabrini and Coleoptera- Notiophilini are along opposite ends of axis 2, but 
without a specific association to a particular crop.
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Biplots in Figure 4.2 show the relationship between family and subfamily/tribes taxa with the 
conventional crops. Axis 1 (Figure 4.2 A) shows that the major variation with family taxa was 
between oilseed rape and winter wheat, with differences between winter wheat and winter 
barley providing secondary variation axis 2. Oilseed rape was especially positively associated 
with families such as Homoptera- Cercopidae and Hymenoptera- Cynipidae, with 
Dermaptera- Forficulidae and Diptera- Syrphidae abundance associated mostly in winter 
wheat and Hemiptera- Cicadellidae mostly in winter barley. The subfamily/tribe Biplot 
(Figure 4.2 B) shows the variation on both axes to be the same as that with family taxa. 
Coleoptera- Ceuthorynchinae and Coleoptera- Molytinae abundance were associated mostly 
with oilseed rape, with most ground beetle tribes more abundantly associated with the cereal 
crops. Variation along axis 2 was limited and most of the subfamilies/tribes were close to the 
origin having no distinct association with particular crop. 
4.4.3 Influence of field boundary type within each management system on taxa 
abundance and richness 
Field boundary types was analysed across both management systems, overall there were 
significant difference across all the boundary vegetation types for total invertebrates (F3, 22 = 
0.90, P=0.009)  
 
Short 
vegetation 
Tall 
vegetation 
Hedges Woodland F 
ratios 
P-
values 
D.F 
Mean 
number of 
invertebrates 
 
4024 1997 2178 2651 0.9 0.009 3,22 
Mean 
number of 
families 
19 21 23 22 1.2 0.319 3,22 
Mean 
number of 
subfamilies 
20 20 19 22 1.2 0.128 3,22 
 
Table 4.6. Total abundance was significantly greater in short than tall field boundaries 
(P<0.001). Although more families were recorded from the two woody boundaries (hedge and 
wood) than herbaceous boundaries (short and tall vegetation), these were not statistically 
different. Differences in taxa richness across all boundary type in both management systems 
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was non-significant for families (F3, 22 = 1.20, P=0.319), subfamilies/ tribes (F3, 22 = 4.50, 
P=0.128). Nevertheless, most subfamilies were found in woodland and least in hedges. 
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 Short 
vegetation 
Tall 
vegetation 
Hedges Woodland F 
ratios 
P-
values 
D.F 
Mean 
number of 
invertebrates 
 
4024 1997 2178 2651 0.9 0.009 3,22 
Mean 
number of 
families 
19 21 23 22 1.2 0.319 3,22 
Mean 
number of 
subfamilies 
20 20 19 22 1.2 0.128 3,22 
 
Table 4.6 Mean number of individuals and mean number of families and subfamilies 
recorded from the four field boundary types, together with the significance derived from 
the linear models. 
 
When field boundary was analysed in the organic system Table 4.7 differences in the 
abundance across all boundary type was significant for herbivores/pollinators (F2, 9 =5.00, 
P=0.033- 7325 individuals) with more herbivores in short vegetation, least in hedges. Post 
hoc comparison using Tukey HSD test indicated that the mean for total abundance between 
tall and short was marginally non- significant (P=0.057). More epigeal predators were found 
in the short vegetation than hedges, whilst more foliar predators/parasitoids were in hedges 
than short vegetation, but not statistically different. In the conventional system Table 4.8, 
more epigeal and foliar predators/parasitoids were in woodland habitat and least in tall 
vegetation whilst more herbivores/pollinators were found in tall vegetation, with non- 
significant differences across boundary type. 
  
95 
 
   
 
Functional 
groups 
Epigeal 
predators 
Foliar 
predators/parasitoids 
Herbivores/pollinators 
Short 
vegetation 
1244 97 948 
Tall vegetation 930 113 390 
Hedge 
vegetation 
1001 173 242 
F2,9 1.1 6.3 5 
P-values 0.351 0.550 0.033 
Table 4.7 Mean number of individuals in each functional group recorded from the four 
boundary types sampled in 2015, together with the P values derived from the linear 
models, F ratios and total catch, organic boundaries. 
 
Functional 
groups 
Epigeal 
predators 
Foliar 
predators/parasitoids 
Herbivores/pollinators 
Tall vegetation 637 95 215 
Woodland 
vegetation 
1156 158 208 
Hedge 
vegetation 
867 100 133 
F2,11 3.6 2.7 0.2 
P-values 0.061 0.106 0.763 
Table 4.8 Mean number of individuals in each functional group recorded from the four 
boundary types sampled in 2015, together with the P values derived from the linear 
models, F ratios and total catch, conventional boundaries. 
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Composition of invertebrate families and subfamilies/tribes taxa in relation to organic field 
boundary type are summarised in Figure 4.3. The major variation for invertebrate family 
(Figure 4.3 A) on axis 1 between the two herbaceous boundaries (short vegetation and tall 
vegetation), with Coleoptera- Coccinellidae and Araneae- Linyphiidae associated with short 
boundaries, compare to Coleoptera- Cicadellidae and Homoptera- Cercopidae, whilst axis 2 
indicated differences between hedges and the herbaceous boundaries but none strongly 
associated with hedges. The subfamily/tribes (Figure 4.3 B) differed from the family biplot, in 
that the major variation axis 1 was between the short boundaries and hedges and tall 
boundaries, whilst differences between hedges and tall vegetation were on axis 2. The 
majority of the subfamilies were found close to the origin with no preference for any 
particular boundary type. Coleoptera- Aleochorinae and Coleoptera- Scartini were associated 
with short boundaries, while Coleoptera- Chrysomelinae and Coleoptera- Tachyporinae with 
the other boundaries (hedge and tall vegetation). 
The biplots Figure 4.4 shows the relationship between families and subfamilies/tribes taxa 
with the conventional field boundaries. Axis 1 (Figure 4.4 A) shows the major variation with 
family taxa was between woodland and tall vegetation, with differences between hedges and 
the other two boundaries (woodland and tall vegetation) providing the secondary variation 
axis 2. Araneae- Tetragnathidae were associate with woodland, compare to Homoptera-
Cercopidae and Cicadellidae in tall vegetation. None of the families or subfamilies were 
associated with hedges. The Subfamilies/tribes biplots (Figure 4.4 B) showed a spread of taxa 
across axis 1, with Coleoptera- Omalinae and Oxytelinae associated with woodland and 
Scartini and Harpalini positively associated with tall vegetation boundaries. Variation along 
axis 2 was limited and most of the subfamilies/tribes were close to the origin having no 
distinct association with particular boundary type. 
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Figure 4.1 Biplots derived from constrained ordination of organic taxa; square symbols 
are centroids of the active explanatory variable, crop type, whilst circles are 
invertebrate taxa. A) twenty most abundant families, B) subfamilies and tribes in the 
four organic crops. 
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Figure 4.2 Biplots derived from constrained ordination of conventional taxa; square 
symbols are centroids of the active explanatory variable, crop type whilst circles are 
invertebrate taxa. A) twenty most abundant families, B) subfamilies and tribes in the 
three conventional crops. 
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Figure 4.3 Biplots derived from constrained ordinations organic taxa; square symbols 
are centroids of the active explanatory variable, boundary type, whilst circles are 
invertebrate taxa. A) fourteen most abundant families (at least 20 in a family), B) and 
the twenty most abundant subfamilies and tribes in the three field boundary types on 
the organic half of the farm. 
 
100 
 
 
 
Figure 4.4 Biplots derived from constrained ordination conventional taxa; square 
symbols are centroids of the active explanatory variable, boundary type, whilst circles 
are taxa. A) fifteen most abundant families (at least 20 in a family), B) twenty most 
abundant subfamilies and tribes in the three field boundaries on the conventional half of 
the farm. 
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4.5 Discussion 
4.5.1 Farm management influences 
There were major differences in both invertebrate abundance and taxa richness in the organic 
compared to conventionally managed system in the samples collected over a four month 
period in 2015 (Table 4.1). This difference is consistent with finding from a comparative 
review by Shepherd et al. (2003) who suggested that there is up to six times more species 
within organic managed crops compared with conventional. Bengtsson et al. (2005) and 
Burgio et al. (2015) suggested an increase in invertebrate activity in organic crops rather than 
conventional management and differences were affected by the crops. This positive benefit to 
wildlife is mainly due to conservational management practices that benefits biodiversity and 
the more diverse habitat structure (Clough et al., 2007; Öberg et al., 2007). In general, 
invertebrates should benefit from the absence of chemical application (especially insecticides 
and herbicides) and organic fertilizer (Holland and Luff, 2000). A review by Hole et al. 
(2005) reported greater abundance for mammals, invertebrates and plants in organic systems, 
possibly due to both crop protection practices and fertility management (Eyre et al., 2012). 
Whilst conventional farms use inorganic fertilizer to improve the soil, organic farms use 
slurry and farmyard manure/compost (Romero et al., 2008; Sharma et al., 2017). Whilst 
conventional crops are generally sown in the autumn, organic crops are sown in the spring, 
with crop debris on the soil surface during winter providing more overwintering habitats for 
invertebrates (Morris et al., 1996). Whilst spring spring-sown organic crops develop later, a 
greater vegetation species richness (primarily weeds) present in the growing season 
(Roschewitz et al., 2005b; Gabriel et al., 2006). 
Organic farming is known to lead to increased numbers of both individuals and taxa of 
ground beetles (Fuller et al., 2005) and rove beetles (Maeder et al., 2002). Tuck et al. (2014) 
reported that biodiversity levels in several invertebrate groups was generally higher in organic 
crops; however numbers varied between crop types, whilst Lüscher et al. (2014) showed that 
spider abundance was primarily affected by crop rather than management. The effects of 
crops and management are simultaneously intertwine making it more difficult interprete 
results. Therefore in subsequent analyses in this thesis the two management systems 
(organic/conventional) will be considered separately as obvious differences between the two 
management, such as sowing times confound results. 
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4.5.2 Crop influences 
Recent investigations of invertebrate taxa and functional traits similar to those used in here 
have shown that predators are more affected by land use intensity than herbivores (Liu et al., 
2014). Molina et al. (2014) found that more complex landscapes provide greater exchange of 
invertebrates between crop and non- crop habitat. In similar work on ground beetles, Hanson 
et al. (2016) found smaller sized, more active beetles in arable crops than in grassland. This 
was similar to results at Nafferton Farm, with smaller ground beetles most abundant in spring 
arable and beans crops. This may reflect differences in crop productivity levels and 
disturbance within the agroecosystem, with more complex landscapes arising from less 
intensive farming, and grass-land being less soil-cultivated than arable fields. The 
productivity of the farm can be viewed as areas within the landscape which provides abundant 
food for invertebrates, and compared to boundaries, the crops tends to be more productive. 
However productivity differs amongst crops, whilst soil disturbance via cultivation in 
ploughing/tillage can affect the abundance and distribution of invertebrates (Eyre et al., 
2013b). While there were different preferences for crop, they were also a range of possible 
reactions to productivity and disturbance by both individual taxa groups. These differences is 
partly a result of the crop management system, for example grass/ clover on the organic farm 
is cut for silage. This level of disturbance is relatively different from disturbance that result 
from chemical application on the conventional farm. As a result, additional work done on 
both farm systems should be treated statistically separately. 
4.5.3 Field boundary influences 
Mean numbers of epigeal invertebrate were highest in short vegetation in organic boundaries, 
and highest in woody vegetation in the conventional boundaries. There was however an 
association of a number of groups with the least managed boundary (tall vegetation), for 
example Scartini, Cercopidae and Cicadellidae. The pattern of foliar predators showed no 
major differences between field boundary types, whilst most herbivores were found in short. 
Farm boundaries can be managed to increase ecosystem services, for example beetle banks, 
which aim to increase natural enemy abundance (Collins et al., 2002). Wider field margins, 
larger hedges and woodland in the landscape may increase the numbers of beneficial 
invertebrates (Holland et al., 2008; Macfadyen et al., 2011; Haenke et al., 2014) but does not 
necessarily lead to greater parasitism or predation in adjacent crops. Eyre et al. (2009) found 
no spillover of ground beetles that predate cabbage root fly eggs into Brassica crops from 
planted field boundaries. Jonsson et al. (2015) found that planted buckwheat strips produced 
more parasitism in adjacent kale crops in simple landscapes but not more complex ones, 
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indicating that even with considerable management of donor strips and boundaries, any 
improvement in pest control is liable to be affected by other influences than management. 
4.5.4 Conclusions 
These results suggest that future analyses will be more informative if undertaken separately 
on the two halves of the farm because management system is confounded with crop type and 
sowing time (Purvis and Fadl, 2002), and whole-farm analyses risk obscuring patterns. The 
preliminary analyses undertaken in this chapter highlight the importance of crop type, but do 
not provide an understanding of casual mechanisms, especially in relation to soil disturbance 
over a rotation cycle. Similarly, these analyses have indicated that field boundaries have 
major effects on invertebrate composition and abundance, but do not allow us to infer the 
exact relationships between crop invertebrates and those in adjacent non-crop habitats. 
Finally, investigation is needed to determine the significance of plant composition and 
structure on invertebrate abundance and distribution. 
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 Invertebrate communities are affected by both crop rotation and 
soil tillage in organic and conventional agriculture 
This chapter is being revised for submission as: Patterson E., Sanderson R., Eyre M. Effects of crop 
rotation and soil tillage on invertebrate communities in organic and conventional agriculture. Journal 
of applied Entomology. 
5.1 Abstract 
Crop rotation systems in organic and conventional management systems differ in crop types, 
management and duration. However, changes in invertebrate communities over the entire 
rotation system are however, poorly understood, as many studies have surveyed only single 
years or have not encompassed the entire rotation period. Here i describe changes in 
invertebrates in two contrasting systems: one an 8-year organically-managed rotation with 
five crops, the other a 5-year conventionally managed rotation with three crops. Invertebrates 
were classified into three functional groups, representing epigeal predators, foliar 
predators/parasitoids, and herbivores/pollinators. 
Invertebrates were dominated by epigeal predators across all crops in both management 
systems. They were affected by soil tillage which occurred annually in the conventional 
rotation, but was intermittent in the organic, with much greater abundance of epigeal 
predators during years with low or no soil tillage. Significant changes in the abundance of 
individual taxa in all three functional groups of invertebrates in both rotation systems were 
strongly associated with both the crop type, and its sequence in the rotation. Overall, 
invertebrates were most abundant on the conventional rotation, but most taxonomically 
diverse on the organic. 
In the conventional system, all three functional groups showed a cyclical change in their 
taxonomic composition that closely matched the crop rotation sequence, analysed via partial 
CCA. In contrast, on the organic rotation this pattern was only observed in 
herbivores/pollinators, as the cycle was disrupted by periods without soil tillage for both 
epigeal predators and foliar predators/parasitoids. Variation partitioning indicated that whilst 
the current year’s crop type was the major determinant of invertebrate community 
composition, there was a significant ‘lag effect’ for many taxa from the preceding year’s crop.  
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The results suggest that both reduced soil tillage (e.g. in no-till systems) and crop rotation 
order have major impacts on invertebrates in agroecosystems. 
5.2 Introduction 
A number of studies have indicated that invertebrate communities are higher in both 
abundance and species richness under organic systems (Wickramasinghe et al., 2004; Fuller 
et al., 2005; Holzschuh et al., 2007a). This is partly due to lack of synthetic fertilizer and 
pesticides which promotes increase of weed species (Romero et al., 2008), as well as 
potentially greater habitat heterogeneity from the field to farm and wider landscape (Clough et 
al., 2007; Öberg et al., 2007). Although many invertebrates are agricultural pests, organic 
farms also support higher numbers of beneficial invertebrates, especially predators, 
parasitoids and pollinators (Pfiffner and Niggli, 1996; O'Sullivan and Gormally, 2002; Power 
Eileen and Stout Jane, 2011). 
In the UK, organic farms usually grow more types of crops than conventional (Norton et al., 
2009b), spring- rather than autumn-sown (Purvis and Fadl, 2002) plus nitrogen-fixers such as 
beans and clover to increase soil productivity (Maeder et al., 2002). This means that the crop 
rotation patterns are longer than on conventional farms, sometimes up to 8 years. However, 
most invertebrate studies have been confined to trial plots lasting only 2 or 3 years (Honek 
and Jarosik, 2000; O’Rourke et al., 2008; Bourassa et al., 2010; Crotty et al., 2015), with few 
at the farm-scale of sufficient duration to reflect realistic crop rotations. Other longer-term 
studies have been restricted to soil microbial invertebrates (Lupwayi et al., 1998; Balota et al., 
2003) and soil enzyme activities (Balota et al., 2004). 
The grass-clover leys used in organic rotation result in periods of reduced soil cultivation 
(Watson et al., 2002) compared to conventional systems, where annual tillage is more likely 
(López-Fando and Bello, 1995; Hatten et al., 2007; Eyre and Leifert, 2011b). Soil tillage is 
known to affect invertebrates, with most studies indicating higher diversity and abundance in 
no-till, or reduced tillage systems (Kladivko, 2001; Sharley et al., 2008). The impacts are 
variable, however, possibly depending on the life-history traits of different invertebrate 
species (Inclán et al., 2014). For example, small, highly active species respond to more 
intensively managed systems (Cole et al., 2005) whilst non-carnivorous beetles are common 
in crops such as wheat that have larger areas of bare ground (Batáry et al., 2012). Many 
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studies have utilised only a single trapping method (usually pitfall traps) in isolation which as 
an “activity-density” measure may not reflect the actual invertebrate population size (Topping 
and Sunderland, 1992). 
To understand the different effects on the invertebrates of crop rotation, soil tillage, farm 
management, current and previous cropping history, it is necessary to study them over the 
entire crop rotation. Here i utilise eight and five-year invertebrate data from a split 
organic/conventional farm in northern England, respectively. We split the invertebrates into 
three broad functional groups: epigeal predators; foliar predators/parasitoids and 
herbivores/pollinators. I also employed two standard sampling methods, in an attempt to 
obtain more representative invertebrate data (Gibb and Hochuli, 2002; Ford et al., 2012). 
The primary aims were to: 
1) Invertebrate abundance is affected primarily by the current year’s crop in both organic 
and conventional crop rotations 
2) Temporal changes in a crop rotation will influence invertebrate assemblage 
composition in organic and conventional rotations 
3) Quantify the relative importance of current and previous year’s crop on the 
invertebrate assemblage composition for the three functional groups, within each 
management system 
  
108 
 
5.3 Materials and Methods 
5.3.1 Survey Area and Management 
The research was undertaken at Nafferton Farm in Northumberland, UK (54°59ꞌ, 09ꞌꞌN; 1°43ꞌ, 
56ꞌꞌW), and approximately half the farm (160 ha) is under organic management, with the 
remainder conventional. The crop rotations are summarised in Figure 5.1. The data analysed 
in this study covers an eight-year organic period from 2005 to 2012 inclusive, and five-year 
conventional period from 2005 to 2009, with individual fields in both management systems in 
different ‘Rotation Years’. 
Arable crops on the conventional half were autumn-sown with annual ploughing and 
application of herbicides and fungicides where appropriate. Organic crops were spring-sown 
with no use of synthetic pesticides or fertilisers. In the organic rotation during grass-clover 
leys the soil was not cultivated but leys were cut three times/year for silage. 
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Figure 5.1 The five year crop rotation for the conventional farm A) and eight year 
rotation on the organic half of Nafferton B).  n = numbers of fields sampled per year in 
each crop.  
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5.4 Sampling 
5.4.1 Invertebrates 
Invertebrates were sampled from a pair of sites approximately 20 m apart in each field, at 
least 40 m from the field boundary (within the crop). Invertebrates were trapped at each site 
with a line of 10 pitfall traps, 0.5 m apart (white polypropylene cups 8.5 cm diameter, 10 cm 
deep) and yellow pan traps (plastic box 30 cm x 22 cm, 20 cm deep, see Chapter 2, Figure 2.3 
and Figure 2.4), all part-filled with saturated salt (NaCl) solution containing a small amount 
of detergent as a preservative and break the surface tension (Schmidt et al., 2006). Samples 
were collected over the whole rotation period of both management systems (2005 – 2012), 
with traps set in the first week of May (traps temporarily removed during silage cuts) emptied 
monthly over a 20 week period (Menalled et al., 2007; Eyre et al., 2013b). Seventy-six 
samples were undertaken in the organic half of farm and fifty samples in the conventional 
(Table 5.1). 
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Organic crops 
(rotation year)  
Number of 
organic 
samples \ yr 
Number of 
organic fields \ 
yr 
Conventional 
crops ( rotation 
year) 
Number of 
conventional 
samples \ yr 
Number of 
conventional 
fields \ yr 
Barley (1) 12 6 Wheat (1) 10 5 
Grass/clover (2) 10 5 Wheat (2) 10 5 
Grass/clover (3) 8 4 Barley (3) 10 5 
Grass/clover (4) 8 4 Barley (4) 10 5 
Wheat (5) 10 5 OSR (5) 10 5 
Potatoes (6) 8 4    
Beans (7) 12 6    
Wheat (8) 8 4    
Totals 76 38  50 25 
Table 5.1 Total number of samples, aggregated across all months, collected per crop per 
year, and number of fields sampled per year, between 2005 to 2012, on the organic and 
conventional rotations at of Nafferton farm. 
 
Invertebrates were identified to family, sub-family and tribe, according to Chinery (1993); 
Roberts (2001); Luff (2007) and confirmed by expert entomologist Dr M.D. Eyre, depending 
on functional group, and counted, see Table 5.2. Invertebrates were classified into three 
functional groups, based primarily on their life-history as adults: epigeal predators, foliar 
predators/parasitoids and herbivores/pollinators, with taxa split according to the schema given 
by Ford et al. (2013). The characteristics of the nearest field boundary to each site were 
recorded according to the classification of Eyre and Leifert (2011b). Mean air temperature per 
month and total monthly rainfall were calculated from data collected via the Delta-T Weather 
Station (Type WS01) located on the farm.
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Organic 
totals 
 
Conventional 
totals 
Epigeal predators 112790 Epigeal predators 113608 
Carabidae 74616 Carabidae 86931 
Bembidiini 16883 Bembidiini 4894 
Harpalini 520 Loricerini 6707 
Loricerini 4815 Nebriini 11754 
Nebriini 5867 Notiophilini 1219 
Notiophilini 638 Platynini 2827 
Platynini 2135 Pterostichini 50752 
Pterostichini 35453 Sphodrini 180 
Sphodrini 454 Trechini 4670 
Trechini 6196 Zabrini 3840 
Zabrini 1681 Staphylinidae 11919 
Staphylinidae 12324 Aleocharinae 867 
Aleocharinae 2391 Omalinae 122 
Paederinae 585 Paederinae 410 
Staphylininae 7327 Staphylininae 6481 
Steninae 178 Steninae 134 
Tachyporinae 1761 Tachyporinae 3883 
Foliar 
predators/parasitoids 
35130 
Foliar 
predators/parasitoids 
20849 
Cantharidae 415 Cantharidae 176 
Coccinellidae 1539 Coccinellidae 250 
Anthocoridae 144 Syrphidae 366 
Syrphidae 1302 Braconidae 2032 
Braconidae 4416 Ichneumonidae 11310 
Ichneumonidae 24920 Platygasteridae 1416 
Platygasteridae 292 Proctotrupidae 4262 
Proctotrupidae 3476 Pteromalidae 1126 
Pteromalidae 434 Herbivores/pollinators 8987 
Herbivores/pollinators 26770 Chrysomelidae 1650 
Chrysomelidae 6215 Curculionidae 1865 
Curculionidae 11108 Nitidulidae 1897 
Nitidulidae 1517 Cercopidae 154 
Cercopidae 147 Cicadellidae 359 
Cicadellidae 1121 Apidae 361 
Miridae 688 Cynipidae 1894 
Apidae 514 Tenthredinidae 156 
Cynipidae 1294   
Tenthredinidae 2828   
 
Table 5.2 Invertebrate individual totals for the three functional groups in organic and 
conventional system sampled over the rotation period. 
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5.5 Data analysis 
5.5.1 Effects of current year’s crop on invertebrate abundance in different taxa and 
functional groups 
Linear mixed-effects models (LME) were used to determine the relative importance of the 
current and previous year’s crop type on invertebrate abundance, having corrected for 
variability associated with temperature, rainfall, field boundary type and year of survey. 
Analyses were done both for individual taxa (family, tribe or subfamily as appropriate) as 
well as life-history functional groups (epigeal predators, foliar predators/parasitoids and 
herbivores/pollinators). Separate analyses were undertaken for the organic and conventional 
datasets, as the large differences between the two management systems (e.g. rotation system, 
chemical applications) make a single analysis inappropriate. 
Invertebrate counts were log-transformed (Crawley, 2007), in a similar procedure used by 
Eyre and Leifert (2010) prior to analysis with R (Pinheiro et al., 2011a) and the nlme package 
(Pinheiro and Bates, 2000). Current year’s crop was used as a fixed-effect factor, with five 
levels in organic crops (barley, grass/clover, wheat, potatoes and beans) and three levels in 
conventional crops (barley, wheat and oilseed rape). Random factors were sampling year 
(2005-2012) boundary type, and continuous variable temperature and rainfall. 
5.5.2 Temporal change in invertebrate assemblage composition across the organic and 
conventional rotations 
Partial canonical correspondence analysis (pCCA) was used to measure changes in 
invertebrate composition in each functional group over the course of the rotation cycle, as a 
result of the current year’s crop. The current year’s crop was used as an active explanatory 
variable, the previous year’s crop was partialled-out (conditional variable) whilst the matrix of 
invertebrates by sites formed the response variables. Temperature, rainfall and field boundary 
type were used as partial variables. The contribution of each current crop-type within the 
rotation was tested via automatic forward selection, determined using Monte Carlo 
permutation tests (999 permutations). The pCCAs were carried out using the CANOCO 
software (Ter Braak and Smilauer, 2002); separate analyses were done for each of the three 
functional groups in both management systems. Separate analyses were undertaken for the 
organic and conventional datasets, as the large differences between the two management 
systems (e.g. rotation system, chemical applications) make a single analysis difficult to 
interpret with taxa (see Figure 5.2). 
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Figure 5.2 pCCA analyses of invertebrates on both the conventional (black) and organic 
(green) parts of the farm, explained by crop type, in the rotation sequence. A) epigeal 
predators(axis 1:19.7%, eigenvalue 0.011; axis 2: 12.3%, eigenvalue 0.004); B) foliar 
predators/parasitoids (axis 1: 22.3%, eigenvalue 0.046; axis 2: 18.5%, eigenvalue 0.007); 
C) herbivores/pollinators (axis 1: 29.9%, eigenvalue 0.052; axis 2: 21.4%, eigenvalue 
0.014). Rainfall and field boundary are partial variables.  Points for samples and taxa 
not shown for clarity. 
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5.5.3 Relative effect of current and previous- crops on invertebrate assemblages 
Variance partitioning was used to quantify individual and / or joint effects of multiple sets of 
explanatory variables on community composition (see Borcard et al. (1992); (Dray et al., 
2012). The aim of this analysis was to quantify the effects on the invertebrate community of 
a) purely the current crop, b) purely the previous crop, c) the joint effect (if any) of both 
current and previous crops, d) residual unexplained variation. The significance of individual 
components of purely the current crop and purely the previous crop was tested by Monte 
Carlo permutation tests (999 permutations); this cannot be done reliably for the joint effect 
(Buttigieg and Ramette, 2014). 
5.6 Results 
5.6.1 Organic Management: Effects of current year’s crop on organic invertebrate 
abundance in different taxa and functional groups 
Epigeal predators were more abundant in grass/clover (Yr4), and lowest on potatoes (Yr 6), 
with a significant difference between the crops (F7, 48=3.50, P=0.004). Carabidae was most 
abundant in the wheat (Yr 5), least in potatoes (Yr 6- F7, 48=5.90, P<0.001), whilst most 
Staphylinidae were found in grass/clover (Yr 4) and least in wheat (Yr 8- F7, 48=2.40, 
P=0.038). At the tribe or subfamily level of epigeal predators, Loricerini was more abundant 
in those years when grass/clover was cultivated compared to other crops. In contrast, 
Bembidiini, Platynini and Zabrini were least abundant (reading along rows in Table 5.3). 
Pterostichini were more abundant in wheat (Yr 5) that immediately followed grass/clover 
(Wheat 1 in Table 5.3) but their numbers were reduced by approximately 50% in the other 
wheat crop (Yr 8) that was preceded by beans (Wheat 2 in Table 5.3). Platynini abundance 
appeared to decline during the three years of grass/clover, and indeed had their lowest 
abundance in any crop type by the third season of grass/clover (Yr 4). Nine out of the fifteen 
main epigeal tribes/ subfamilies taxa were more abundant in wheat crop (Yr 5), after 3 years 
of grass/clover, than in the second wheat (Yr 8) which followed beans in the rotation. 
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  Barley 
Grass/clover 
1 
Grass/clover 
2 
Grass/clover 
3 
Wheat 1 Potatoes Beans Wheat 2 
F 
ratio 
P-
value 
Epigeal predators 1440±113 1488±117 1378±291 2022±286 1978±78 1093±161 1660±168 1396±224 3.5 0.004 
Carabidae 1010±108 810±80 817±127 1132±178 1415±112 764±141 1239±154 1020±194 5.9 <0.001 
Bembidiini 292±60 109±14 114±39 143±40 223±45 365±76 362±53 254±69 12.6 <0.001 
Harpalini 5±1.1 6±1.7 6±2.1 6±2.6 11±4.0 6±2.3 10±3.5 8±4.3 0.3 0.945 
Loricerini 55±19.8 112±21 109±24 125±34 27±4.8 11±3.0 62±15.4 37±5.4 13.1 <0.001 
Nebriini 54±15.1 47±6.1 87±15.5 141±46 104±25 28±8.0 102±26 72±32.1 3.1 0.009 
Notiophilini 6±1.1 14±3.6 15±3.1 13±3.3 4±0.8 5±1.8 10±2.0 6±1.3 4.1 <0.001 
Platynini 46±13.9 20±3.8 10±2.1 9±2.6 42±7.6 28±10.5 47±17.6 27±8.8 5.3 <0.001 
Pterostichini 428±72 405±65 388±39 536±109 901±95 215±52 531±97 462±74.4 5.9 <0.001 
Sphodrini 1±0.4 1±0.2 1±0.7 9±4.2 18±9.0 7±2.8 5±2.8 8±4.7 3.7 0.003 
Trechini 99±23.1 74±24.2 80±24.8 142±40 70±23.0 77±48.5 59±26.5 97±30.6 2.9 0.012 
Zabrini 23±4.9 20±4.3 6±1.3 6±1.2 14±2.3 22±5.5 48±7.2 45±13.2 8.5 <0.001 
Staphylinidae 179±31 176±41 110±15 261±75 212±18 185±45 137±19 105±14 2.4 0.038 
Aleocharinae 29±8.2 9±3.4 5±1.7 6±1.8 57±12.9 113±41 24±6.4 27±3.4 15.2 <0.001 
Paederinae 9±3.6 9±1.2 8±1.7 6±1.7 7±2.0 18±5.5 6±1.7 3±1.4 2.7 0.021 
Staphylininae 122±29 119±37 74±7.5 201±68 114±16 42±6.0 75±12.8 61±11.1 6 <0.001 
Steninae 2±0.8 4±1.0 4±1.1 5±1.1 2±1.0 1±0.5 1±0.5 2±0.4 1.8 0.109 
Tachyporinae 16±2.9 34±9.6 19±6.1 43±10.1 30±6.5 10±2.6 29±12.3 12±2.9 2.3 0.039 
Foliar 
predators/parasitoids 
1453±779 158±25 110±16 299±55 385±49 238±56 876±439 153±35 5.1 <0.001 
Cantharidae 3±1.1 1±0.6 3±0.6 12±5.0 9±2.4 5±1.0 8±2.7 6±1.5 3.3 0.006 
Coccinellidae 34±12.5 3±1.3 2±1.2 10±4.5 36±10.6 63±13.4 16±6.6 6±2.8 10.6 <0.001 
Anthocoridae 4±1.7 - - - - 4±1.5 6±2.7 2±0.9 7.2 <0.001 
Syrphidae 22±7.6 10±3.8 3±0.9 10±3.9 23±5.4 17±4.0 41±20.2 12±4.0 3.3 0.006 
Braconidae 130±69 17±4.8 16±5.1 35±9.4 67±24.7 38±11.7 96±33.8 17±7.6 2.5 0.027 
Ichneumonidae 1175±657 99±18.7 62±13.6 196±47 218±28 128±35 620±350 90±22.8 5 <0.001 
Platygasteridae 10±3.9 4±1.1 2±0.5 3±1.0 3±0.7 6±2.9 3±0.8 1±0.7 4.1 <0.001 
Proctotrupidae 81±32.1 23±3.6 21±2.6 39±2.4 60±8.9 34±11.7 84±36.1 32±10.6 2.8 0.016 
Pteromalidae 21±13.3 2±0.4 - 1±0.3 1±0.9 2±1.0 17±9.5 1±0.2 4.9 <0.001 
Herbivores/pollinators 317±43 147±23 216±27 362±52 542±168 229±49 795±283 281±40 12.9 <0.001 
Chrysomelidae 106±19 14±5.1 10±2.1 7±2.4 195±91 64±14.3 185±68 70±26.4 24.1 <0.001 
Curculionidae 63±14.5 80±16.9 148±24 277±54 88±18.6 74±18.0 452±180 36±7.2 12.7 <0.001 
Nitidulidae 16±3.1 3±1.0 1±0.3 8±4.0 69±27.3 5±2.1 42±19.6 14±7.6 9.6 <0.001 
Cercopidae 6±2.4 2±0.5 1±0.4 2±0.8 2±0.5 1±0.9 1±0.6 1±0.6 1.9 0.085 
Cicadellidae 16±5.7 14±6.6 3±0.9 9±2.7 23±9.4 46±27.4 6±2.5 9±3.0 2.3 0.044 
Miridae 16±8.8 1±0.4 - 1±0.6 34±31.3 2±0.7 13±7.6 3±1.6 3.8 0.002 
Apidae 4±1.1 6±2.0 8±2.7 9±4.5 8±4.2 8±2.6 9±3.2 6±1.1 2.6 0.022 
Cynipidae 29±17.4 4±1.2 5±1.3 4±0.8 11±2.6 14±4.2 17±8.4 63±40.0 7.5 <0.001 
Tenthredinidae 49±18.6 3±1.2 2±0.6 8±3.2 98±45.9 12±5.5 63±28.9 67±42.3 6.6 <0.001 
Table 5.3 Mean number of each taxa, ± SE, recorded from each organic crop, plus F ratio and probability (P) derived from the mixed-effects 
models (df 7, 48)
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Foliar predators/parasitoids were most abundant in barley (Yr 1), and lowest on in 
grass/clover (Yr 3- F7,48=5.10, P<0.001) (Table 5.3). At the family-level, the parasitic 
Ichneumonidae was most abundant in barley (Yr 1), that follow wheat (Yr 8 in Table 5.3), the 
last year of the rotation, and lowest in grass/clover (Yr 3- F7,48=5.0, P<0.001). Braconidae, 
Coccinellidae, and Syrphidae were least abundant in the three years of grass/clover and in 
wheat (Yr 8, Table 5.3). Five out of the nine foliar predator/parasitoid families were most 
abundant in barley (Yr 1) and beans (Yr 7). 
Herbivores/pollinators were most abundant in the bean crops (Yr 7), and lowest on in 
grass/clover (Yr 2- F7,48=12.9, P<0.001) (Table 5.3). Four out of the nine herbivorous families 
were most abundant in wheat crops, barley and beans (Miridae, Tenthredidinae, Nitidulidae, 
and Chrysomelidae). 
5.6.2 Temporal change in invertebrate community composition across the organic 
rotation 
Community composition of epigeal predators Figure 5.3 along Axis 1 showed a trend from 
grass/clover (low axis 1 scores) to all the other crops (high axis 1 scores) especially potato. 
Loricini and Notiophilini were the taxa most associated with grass/clover whilst Aleochorinae 
and Sphodrini were associated with potatoes. Turnover of taxa along axis 2 was limited, with 
none showing a strong association to any crop. A number of the abundant and ubiquitious 
taxa, such as Staphylininae, Pterostichini and Bembidiini occurred near the origin of the axes, 
showing no affiliation solely to any organic crop. All three grass/clover crops affected 
community composition (Yr 2 - F=4.27, P=0.004; Yr 3 - F=4.53, P=0.002, Yr 4 - F=4.25, 
P=0.002), as did barley (Yr 1 - F=4.70, P=0.002), beans (Yr 7 - F=2.95, P=0.012) and 
potatoes (Yr 6 - F=3.06, P=0.002). 
Foliar predator/parasitoid assemblages also showed a trend from those dominated by 
grass/clover leys to the other crops (Figure 5.3 B). Anthocoridae was strongly associated with 
beans (Yr 7), whilst Hymenopteran- Platygasteridae predominant in the grass/clover. Spring 
beans (Yr 7 - F=2.95, P=0.024) had significant effects on the foliar predators/parasitoids taxa 
composition. This pattern was repeated for the herbivores/pollinators (Figure 5.3 C): 
Curculionidae being associated with the grass/clover crops, whilst Nitidulidae beans (Yr 7) 
and wheat (Yr 5 & Yr 8). Whilst there is a broadly anti-clockwise change in community 
composition across the rotation in Figure 5.3 A, and clockwise in Figure 5.3 B and Figure 5.3 
C, this merely reflects the output configuration. No particular conclusions from one being 
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clockwise and the other anti-clockwise should be inferred: it is the relative positions in 
ordination space that matter. All three grass/clover crops affected community composition (Yr 
2 - F=6.42, P=0.002; Yr 3 - F=5.98, P=0.002, Yr 4 - F=6.08, P=0.002), as did barley (Yr 1 - 
F=2.76, P=0.010), beans (Yr 7 - F=2.23, P=0.018) and potatoes (Yr 6 - F=2.38, P=0.018).
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Figure 5.3 pCCA plots of organic taxa; square symbols are centroids of the active 
explanatory variable, crop type, connected according to rotation sequence, whilst circles 
are invertebrate taxa. A) epigeal predators (axis 1: 15.6%, eigenvalue 0.013; axis 2: 
8.9%, eigenvalue 0.008), B) foliar predators/parasitoids (axis 1: 10.6%, eigenvalue 0.021; 
axis 2), C) herbivores/pollinators (axis 1: 19.1%, eigenvalue 0.034; axis 2: 5.2%, 
eigenvalue 0.009). Rainfall and field boundary are partial variables.
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5.6.3 Relative effect of current- and previous-crops on organic invertebrate communities 
Overall, the current and previous crop types explained between 21% and 25% of the total 
variation in the organic invertebrate community composition for the three major functional 
groups Table 5.4. There was relatively little difference in the overall pattern between the 
functional groups, with most of the variation (6.6 to 11.9%) being explained by the current 
year’s crop, and 6.0% to 12.6% jointly between the previous and current year’s crop. Only a 
small amount of the variation (3.7% to 5.5%) could be uniquely allocated to the previous 
year’s crop. However, irrespective of the crop effects, 75.3% of the variation in epigeal and 
foliar predators, assemblages was unexplained, slightly more for herbivores/pollinators 
(79.0%) by either previous or current year’s crop influence. 
Functional 
group 
Current 
year’s crop 
Previous 
year’s crop 
Joint effect of current 
& previous year’s crop 
Residual 
Epigeal 
predators 
10.5 3.7 10.5   75.3 
Foliar 
predators / 
parasitoids 
6.6 5.5 12.6 75.3 
Herbivores / 
pollinators 
11.9 3.1 6.0 79.0 
Table 5.4 Variation partitioning of unique and joint effects (percentage explained) of the 
current and previous year’s crop on the invertebrate community composition in the 
organic system. 
 
In the epigeal predators, of the 10.5% purely explained by the current crop (Table 5.4, the two 
most important were grass/clover (F=5.82, P=0.002) and barley (F=3.07, P=0.006), whilst of 
the 3.7% purely explained by the previous year’s crop this was primarily from grass/clover 
(F=2.05, P=0.036). In foliar predators/parasitoids (Table 5.4), both barley (F=2.93, P=0.006) 
and grass/clover (F=2.81, P=0.014) had significant effects on the 6.6% of variation uniquely 
explained by the current crop, whilst of the 5.5% uniquely explained by the previous crop this 
was mainly associated with beans (F=2.73, P=0.008) and barley (F=1.99, P=0.038). In the 
herbivores/pollinators (Table 5.4), 11.9% was uniquely associated with the current crop, 
especially grass/clover (F=8.18, P=0.002). No crop types were identified as significant with 
the previous year’s crop. 
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5.6.4 Conventional Management: Effects of current year’s crop on conventional 
invertebrate abundance in different taxa and functional groups 
There was no significant difference in the overall numbers of epigeal predators between crops 
(F4,29=0.30, P=0.869 - Table 5.5). Carabidae were most abundant in wheat (Yr 1) and, least in 
barley (Yr 3 - F4,29=3.20, P=0.028) whilst Staphylinidae were most abundant in the oilseed 
rape (Yr 5) and least in wheat (Yr 2 - F4,29=8.70, P<0.001). Six of the most abundant foliar 
taxa (Nebriini, Notiophilini, Zabrini, Aleocharinae, Tachyporinae and Staphylininae) were 
most abundant in oilseed rape (Yr 5). Ten taxa, with mean greater than 10, were more 
abundant in the first year of wheat (Yr 1) than second wheat (Yr 2), whilst 10 taxa, were more 
abundant in the second year of barley (Yr 4) than first barley (Yr 3). 
Foliar predators/parasitoids were most abundant in oilseed rape (Yr 5), and least abundant in 
the first barley crop (Yr 3 - F4,29=18.9, P<0.001 - Table 5.5). Three foliar parasitoids: 
Braconidae (F4,29=21.3, P<0.001), Ichneumonidae (F4,29=24.3, P<0.001), and Pteromalidae 
(F4,29=24.4, P<0.001) were most abundant in oilseed rape (Yr 5). Six out of the eight foliar 
predators/parasitoids were significantly different in their abundance across the rotation. 
Herbivores/pollinators were most abundant in oilseed rape (Yr 5) and least in the first year of 
barley (Yr 3 - F4,29=40.0, P<0.001). Abundance of Chrysomelidae (F4,29=18.4, P<0.001), 
Curculionidae (F4,29=17.9, P<0.001), Cynipidae (F4,29=14.3, P<0.001), and Nitidulidae 
(F4,29=17.5, P<0.001) differed over the rotation and were most common in oilseed rape (Yr 5).
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  Wheat 1 Wheat 2 Barley 1 Barley 2 
Oilseed 
rape 
F ratio P-value 
Epigeal predators 2669±423 2218±217 1828±435 2302±363 2342±275 0.3 0.869 
Carabidae 2425±319 1640±207 1366±420 1613±299 1658±239 3.2 0.028 
Bembidiini 84±24.1 69±24.4 44±13.5 177±64 115±17 0.8 0.536 
Loricerini 116±23 96±18.8 194±67 91±20.5 173±36 5.8 0.002 
Nebriini 244±77 185±27 113±35 254±66 379±121 1.7 0.002 
Notiophilini 23±2.5 17±2.0 18±2.9 20±2.7 44±5.7 3.5 0.018 
Platynini 85±32.0 55±13.8 42±16.4 54±24.3 47±6.6 1.7 0.016 
Pterostichini 1756±357 1058±184 857±336 806±230 599±78 4.9 0.004 
Sphodrini 6±3.9 4±1.5 2±0.4 5±1.2 2±0.6 1.5 0.226 
Trechini 66±19.9 145±49.7 81±29.7 108±29.4 66±13.4 4.6 0.009 
Zabrini 33±6.5 9±1.8 14±4.6 96±51.8 232±80.2 7.6 <0.001 
Staphylinidae 137±22 107±21 203±58 322±44 422±73 8.7 <0.001 
Aleocharinae 9±3.4 11±3.3 14±5.3 23±6.9 30±7.6 3.2 0.028 
Omalinae 1±0.3 1±0.4 1±0.2 4±2.1 5±2.5 2.4 0.071 
Paederinae 4±1.3 4±1.1 8±2.5 9±2.9 16±4.9 2.2 0.094 
Staphylininae 89±16.1 58±14.3 94±33.4 154±26 254±66 6.3 <0.001 
Steninae 1±0.4 1±0.5 3±0.6 3±1.0 5±1.1 4.3 0.008 
Tachyporinae 34±6.2 33±10.4 82±21.4 128±38 112±23 9.7 <0.001 
Foliar predators/parasitoids 383±66 256±39 102±19 233±47 1111±301 18.9 <0.001 
Cantharidae 2±0.7 2±0.5 2±0.4 4±1.0 9±3.3 3.8 0.012 
Coccinellidae 4±1.6 7±2.0 2±0.6 8±3.4 3±0.8 2.4 0.076 
Syrphidae 11±2.4 10±2.6 2±0.6 6±1.4 8±2.5 3.9 0.012 
Braconidae 22±5.4 19±5.6 7±3.3 9±2.3 147±27 21.3 <0.001 
Ichneumonidae 241±42 101±25 22±5.2 41±10.2 726±280 24.3 <0.001 
Platygasteridae 2±0.8 41±25.7 9±4.6 18±9.8 70±41 4.8 0.004 
Proctotrupidae 101±32 54±13.7 38±13.3 131±54 103±27 1.9 0.130 
Pteromalidae 1±0.4 25±15.5 21±13.8 22±14.9 44±11.1 24.4 <0.001 
Herbivores/pollinators 72±20.6 93±23.4 54±9.7 99±16.9 581±93 40 <0.001 
Chrysomelidae 10±4.8 18±5.4 10±3.2 14±2.9 114±34 18.4 <0.001 
Curculionidae 19±6.3 10±3.6 11±2.0 30±7.2 117±46 17.9 <0.001 
Nitidulidae 3±0.9 5±3.3 1±0.5 3±1.7 177±60 17.5 <0.001 
Cercopidae 2±0.5 6±2.6 1±0.4 2±0.7 6±1.5 3.2 0.028 
Cicadellidae 8±3.0 6±2.7 4±1.6 11±2.8 8±3.6 0.5 0.770 
Apidae 9±4.3 17±7.0 2±0.8 3±0.9 6±1.9 0.7 0.614 
Cynipidae 8±2.3 15±6.5 16±8.9 16±6.5 135±50 14.3 <0.001 
Tenthredinidae 3±1.3 3±1.2 2±1.1 2±0.5 5±1.1 3.6 0.017 
Table 5.5 Mean number of each taxa, ± SE, recorded from each conventional crop, plus F ratio and probability (P) derived from the 
mixed-effects models (df 4, 29).
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5.6.5 Temporal change in invertebrate community composition across the conventional 
rotation 
Variation in epigeal predator was along a trend from samples in wheat (Yr 1 & Yr 2) through 
to those from barley (Yr 3 & Yr 4 - Figure 5.4 A) with Harpalini associated with wheat (Yr 
1), and Steninae and Omalinae barley (Yr 3 & Yr 4). Monte Carlo permutation tests indicated 
that oilseed rape (Yr 5 - F=3.92, P=0.004) and both wheat crops (Yr 1 - F=2.90, P=0.004; Yr 
2 - F = 2.61, P=0.012) significantly affected the taxonomic composition of epigeal predator 
assemblages. Axis 1 for foliar predators/parasitoids (Figure 5.4 B) indicated a trend from first 
year of wheat (Yr 1) through to the second wheat crop (Yr 2), whilst axis 2 separated oilseed 
rape (Yr 5) from the other crops, but there were no strong associations between crops and any 
taxa and none of the crops were significant in the permutation tests. In herbivores/pollinators 
(Figure 5.4 C) the main trend was from oilseed rape (Yr 5) compared to the other crops, 
especially the second wheat crop. Nitidulidae (pollen beetles) were strongly associated with 
oilseed rape, with Cicadellidae and Cercopidae characteristic of the cereals. Oilseed rape (Yr 
5 - F = 7.69, P=0.002) and the second wheat crop (Yr 2 - F = 2.67, P=0.006) had significant 
effects on the herbivore taxa composition.
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Figure 5.4 pCCA plots of conventional taxa; square symbols are centroids of the active 
explanatory variable, crop type, connected according to rotation sequence, whilst circles 
are invertebrate taxa. A) epigeal predators (axis 1: 10.3%, eigenvalue 0.006, axis 2: 
7.8%, eigenvalue 0.004), B) foliar predators/parasitoids (axis 1: 5.6%, eigenvalue 0.014, 
axis 2: 3.9%, eigenvalue 0.010), C) herbivores/pollinators (axis 1: 16.3%, eigenvalue 
0.034, axis 2: 6.5%, eigenvalue 0.014). Rainfall and field boundary are partial variables.
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5.6.6 Relative effect of current- and previous-crops on conventional invertebrate 
communities 
The current and previous crop types explained between 14% and 19% of the total variation in 
the invertebrate community composition for the three major functional groups Table 5.6. 
Differences were apparent between the epigeal predators and herbivores/pollinators compared 
with foliar predators/parasitoids; most of the variation was explained by the current year’s 
crop for epigeal predators and herbivores/pollinators (10.6 and 6.3% respectively), in contrast 
most variation (8.3%) was explained by previous year’s crop for foliar predators/parasitoids. 
Only 1.2% to 3.9% of the total variation was explained jointly by the previous and current 
year’s crop and all three functional groups had a large amount of unexplained variation. 
In epigeal predators, of the 10.6% purely explained by the current crop, the most important 
was barley (F=4.21, P=0.002), whilst of the 6.8% purely explained by the previous year’s 
crop this was primarily from wheat (F=2.91, P=0.002). In foliar predators/parasitoids wheat 
had significant effects on the 8.3% of variation uniquely explained by the previous year’s 
wheat crop (F=3.77, P=0.026). For the herbivores/pollinators, 6.3% was uniquely associated 
with the current crop, as a result of wheat (F=3.24, P=0.008); no crops from the previous year 
significantly affected herbivores/pollinators. 
 
Functional 
group 
Current 
year’s crop 
Previous year’s 
crop 
Joint effect of 
current & previous 
year’s crop 
Residual 
Epigeal 
predators 
10.6 6.8 2.2 80.4 
Foliar 
predators / 
parasitoids 
4.8 8.3 1.2 85.7 
Herbivores / 
pollinators 
6.3 4.0 3.9 85.8 
Table 5.6 Variation partitioning of unique and joint effects (percentage explained) of the 
current and previous year’s crop on the invertebrate community composition in the 
conventional system. 
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5.7 Discussion 
This study has demonstrated that long-term rotation, current and previous crops, and soil-
tillage, all affect both the abundance and taxonomic composition of invertebrates in 
agricultural landscape. Annual soil cultivation was similar within each conventional crop and 
differences between invertebrate abundance on the conventional crops were more likely to be 
related to crop type and associated microclimate (Doblas-Miranda et al., 2009; Ewald et al., 
2015). In contrast, the amount of soil cultivation was variable in the organic system, with 
several years of no tillage (grass/clover leys), compared with crops with considerable 
disturbance (potatoes). In both systems the current year’s crop type had, as might be expected, 
a much larger effect on the invertebrates than that of the previous year’s crop, but the latter 
was, nevertheless, significant. 
The application of chemical fertilisers, herbicides and fungicides in the conventional system 
produced far denser cereal crops than similar crops under organic management, whilst within 
the conventional system the oilseed rape produced the greatest density of foliage. After petal 
fall detritivores such as Collembola are attracted in the oilseed rape fields due to its abundant 
flowers, which provide food for pollinators and pollen-feeders. The numbers of invertebrates 
per sample was approximately 45% higher from the conventionally managed field compared 
with the organically managed Eyre et al. (2013b) suggested that invertebrate abundance is 
reduced with soil disturbance, but increases with crop biomass. Given that conventional 
management imposes greater soil disturbance than organic management, yet nevertheless had 
higher mean invertebrate abundance, suggests that crop biomass is particularly important. 
Epigeal predator abundance in the organic management systems was significantly influenced 
by crop type. Their abundance however was not constant across all crops, nor within the same 
crop in different years of the rotation. Epigeal predators are a broad group, with a wide range 
of life history traits and habitat preferences (Grez et al.; Rusch et al., 2015). In the organic 
rotation, greater epigeal predator abundance in grass/clover (Yr 4) and first year wheat (Yr 5), 
may have been a result of population increase after a period of low soil disturbance 
(Kladivko, 2001). In contrast, the crop with the largest amount of soil disturbance, potatoes 
(Yr 6), with repeated ridging to limit weed growth and protect tubers from light, had the 
lowest numbers of epigeal predators. Soil tillage is known to have deleterious effect on some 
invertebrates (Sharley et al., 2008), especially large-bodied invertebrates (Kladivko, 2001), 
and result in a relative increase in species with small body size and good dispersal abilities 
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(Ribera et al., 2001). However, invertebrate response to the impacts of soil tillage often varied 
between different species (Shearin et al., 2007; Lalonde et al., 2012), and body size (Hatten et 
al., 2007). 
Invertebrate taxonomic diversity was greater on the half of the farm under organic 
management compared with the conventional, in accord with previous studies (Bengtsson et 
al., 2005; Holzschuh et al., 2007b). This may partially reflect the greater in-field plant 
diversity, associated with the large number of arable weeds in the organic fields, which are 
known to be positively associated with increased invertebrate species richness (O'Sullivan and 
Gormally, 2002). 
There were similarities in collembolan-feeding epigeal predators in both management 
systems, even though they were associated with different crops. In the conventional system, 
collembolan-feeders such as Loricini and Notiophilini were most abundant in oilseed rape (Yr 
5), whilst in the organic systems they were most abundant in grass/clover leys. This may have 
been a result of similarities in both microclimate and the amount of detritus/organic matter 
available in the two crops. After the oilseed rape had flowered there was considerable petal-
fall, combined with the dense crop and presumably humid microclimate at ground level, 
which may have increased Collembola density and hence specialist predators. (Birkhofer et 
al., 2008b). Collembola are also associated with the use of organic manures (Birkhofer et al., 
2008a) but as these were only applied to the arable crops in the organic system the greater 
activity density of collembolan-feeding predators on the grass/clover was unexpected. 
However, a more humid soil microclimate in the grass/clover leys (Pfiffner and Luka, 2003) 
plus lack of soil tillage (Petersen, 2000) may also have increased Collembola numbers, 
although abundance of Collembola was not use in community analyses, they were used to 
identify detritivores trends. Collembola (springtails) data were only available for 2015, but 
total numbers were much higher in oilseed rape than winter wheat or winter barley (4239, 
2359, and 1972 respectively). 
In both management systems the abundance of foliar predators/parasitoids and 
herbivores/pollinators was significantly influenced by crop type. Within the conventional 
rotation, there was greater foliar predator/parasitoid and herbivore/pollinator abundance in 
oilseed rape (Yr 5) than cereals. This may be partly a result of the relatively constant 
phenology across the growing system of cereals, in contrast to the dramatic phenological 
changes associated with mass-flowering, petal fall, pod-formation etc. in oilseed rape (Zaller 
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et al., 2008). Eyre and Leifert (2011a) found management and crop type had significant 
effects on invertebrate activity density, and it is likely that the greater diversity of taxa in the 
organic crop is a result of the increased plant biodiversity within the crop (Hulugalle et al., 
1997; Nkem et al., 2002; Gallandt et al., 2005), due to lack of herbicides (Geiger et al., 2010) 
and more weed infestations (Navntoft et al., 2006). 
The pCCA emphasised changes in assemblage composition over time in each management 
system and functional group. In the conventional system, there was an obvious circular 
pattern Figure 5.4 between the crops that closely matched the temporal sequence within which 
they were cultivated in the rotation. Note that whether or not these rotations in the partial 
pCCA plot are clockwise or anticlockwise is not relevant. In contrast, on the organic system, 
such circular patterns were only observed in the herbivores/pollinators group Figure 5.3, with 
more irregular patterns for epigeal predators and foliar predators/parasitoids, particularly for 
wheat (Yr 5 & Yr 8), barley (Yr 1), beans (Yr 7) and potatoes (Yr 6). The irregularities might 
therefore reflect the very different cultivation methods and microclimate of cereals, beans and 
potatoes compared to grass/clover leys in the organic system. In addition weed cover was high 
in the two cereal crops, but low on the beans and potatoes, which will have also affected the 
invertebrate assemblages. This compares to the conventional system, in which herbicides 
resulted in a similar level of weed cover in crops each year (Moreby et al., 1994). The 
positions of individual taxa within the pCCA plots were similar to the individual studies 
described earlier; for example the Nitidulidae (pollen feeders) were closely aligned with 
oilseed rape (Yr 5) (Gladbach et al., 2011). 
The variation partitioning indicated the importance of both the current and previous year’s 
crop on the taxa composition of the invertebrate assemblages. Three broad patterns were 
observed. First, the amount of variation explained by the current and/or previous crop was 
lower for the conventional system (at about 14 to 19%) than the organic (21 to 25%). This is a 
relatively small difference, given the lower overall crop/weed ‘complexity’ in the 
conventional system compared to the much weedier organic crops. Second, there was 
evidence of a ‘lag-effect’. It is perhaps not unsurprising that the major determinant of the 
invertebrate ecology is the current crop, but there was nevertheless a small, but significant, 
effect from the previous year’s crop on the following year’s invertebrates. Third, the variation 
jointly explained by current and previous crop was higher in the organic (6 to 13%) than the 
conventional (1 to 4%). Whilst the exact mechanisms underlying this differences remain 
unclear, they may reflect the build-up of seedbanks from weeds, from the preceding and 
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current year, to produce a more diverse vegetation (Honek and Jarosik, 2000; Roschewitz et 
al., 2005a). This increased weed and floral diversity provide alternative resources for foliar 
predator/parasitoids (Gabriel et al., 2010a) and weed seeds provide food for some adult, such 
as Pterostichus (Jonason et al., 2013). 
This study indicates the importance of preceding crops on invertebrate community 
composition and abundance. This is in contrast to Lalonde et al. (2012) who report no effect 
of crop sequence on ground beetle activity. Their study however was only based on a single 
year of invertebrate sampling from a four year crop rotation in conventional crops, whereas 
this research was based on annual sampling over 8 years organic and 5 years conventional, 
and is therefore likely to be more representative of changes in invertebrate ecology. Our study 
also highlights the importance deleterious effects of soil disturbance on epigeal predators, and 
suggests that ‘no-till’ methods of agriculture, under either organic or conventional agriculture, 
may be an important aid to increase the abundance of beneficial invertebrates.
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 Effects of plant cover, structure and traits on the invertebrates at 
a split organic/conventional farm 
6.1 Abstract 
This research investigated the response of three invertebrate groups (epigeal predators, foliar 
predators/parasitoids and herbivores/pollinators) in relation to plant species cover, plant 
structure and plant traits on a split organic/conventional farm. Invertebrates were sampled 
from eighty-six sampling in crops, field boundaries and field edge in 2015. 
Canonical correspondence analysis (CCA) was used to determine the effects of all three 
factors on the invertebrate communities, restricting plant traits to the three primary ones of 
competitor (C), stress-tolerator (S) and ruderal (R) plus annual/perennial. CCA’s suggested 
that firstly, CSR plant traits affected invertebrates in both management systems, and secondly 
that plant cover and CSR plant traits were more important in the organic than conventional 
system, especially for epigeal predators and herbivores/pollinators. However, when all 
possible plant traits were incorporated into a variation partitioning (VP) analysis of plant 
cover, structure and traits, the relative importance of plant cover was reduced. The exact 
causes of this reduced effect of plant cover, especially in the organic system, when all plant 
traits were included were unclear, but may have been influenced by collinearities with 
structure and traits. Further studies is required to understand the mechanisms by which these 
plant attributes affect invertebrate communities. 
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6.2 Introduction 
Conventionally managed arable crops have a lower weed cover (particularly due to use of 
herbicides), which makes them less suitable for many beneficial invertebrates, especially 
carabids (Nick et al., 2001). In contrast, herbicides and inorganic fertilizers are  prohibited in 
organic systems, with farmyard manure, animal slurry, and under-sowing with grass/clover 
used to provide nutrients, leading to greater plant diversity in both crops and field margins 
(Norton et al., 2009a). This greater diversity of plants provide more potential food sources for 
herbivorous invertebrates (Haddad et al., 2009; Borer et al., 2012), which in turn will support 
more predatory invertebrates at higher trophic levels. For example, inter-sowing cabbage 
fields with cornflower increases abundance of Araneae and Carabidae (Ditner et al., 2013), 
whilst organic fields with a greater proportion of weed species can increase bee abundance at 
landscape scales, delivering ecosystem services to nearby crops (Holzschuh et al., 2008). 
Different functional groups of invertebrates may have diverse requirements in terms of plant 
community composition and vegetative structure (Harvey et al., 2008). For example, 
predatory invertebrates are affected by both plant species composition and structure   
(Schaffers et al., 2008) being more abundant in species-rich and structurally complex habitats 
(Langellotto and Denno, 2004; Lassau et al., 2005). In contrast, other groups such as some 
monophagous herbivores, are favoured by the abundant food resources of intensively-
managed agricultural monocultures (Balmer et al., 2013). In addition, the requirements of 
different groups of invertebrates changes seasonally. For example, Carabids often overwinter 
in dense tussock vegetation, typically found in the field margins (Collins et al., 2003), 
whereas in spring and summer they may forage in more open vegetation within the crop 
(Pywell et al., 2005; Harvey et al., 2008). 
The effects of vegetation architecture and plant structure on spiders has long been known 
(Rushton and Eyre, 1992; Topping and Lovei, 1997; Jeanneret et al., 2003) but plant structure 
also influences butterfly, grasshopper, leaf-hopper, true bug, herbivorous beetles and parasitic 
wasp species richness and abundance (Kruess and Tscharntke, 2002; Collinge et al., 2003). 
The manipulation of vegetation by cutting grass for silage (Haysom et al., 2004) or for 
roundabouts and roadside edge management (Helden and Leather, 2004; Noordijk et al., 
2010) rapidly changes vegetation structure, with concomitant effects on spiders, ground and 
other beetles. Vegetation height on grazed salt marsh affects Hemiptera assemblages, with 
more ground dwelling species on shorter vegetation (Ford et al., 2013), whilst livestock 
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grazing modifies the invertebrate abundance (Sjödin et al., 2008). Plant strategies (plant 
functional types) are described as groups of similar or corresponding adaptive functions 
amongst plants species with different evolutionary origins but display similarities in their 
given habitats.(Grime, 1988) suggested that plant life-history strategies that have arisen over 
evolutionary time can be summarized into a 3-dimensional ordination of competitors, stress-
tolerators and ruderal (CSR). Allocation to these strategies can be based on a number of 
factors (Hodgson et al., 1995), for example: life history (annual, perennial), canopy structure 
(rosette, semi-rosette, leafy) and canopy height (short, medium, tall) etc. 
Grime (1977) triangular plant strategy framework (Competitor, Stress tolerator, Ruderal) has 
potential to provide useful insights into processes affecting the species composition of 
invertebrate communities in the vegetation. Other framework and databases have also been 
utilised in ecology. For example, Kleyer et al. (2008) created a database of life-history traits 
of European flora which has the potential to measure how community trait composition 
changes as a result of environmental change. Storkey et al. (2013) investigated the 
relationship between a number of simplified plant traits and invertebrate abundance, and 
concluded that more ruderal communities positively correlate with increased invertebrate 
abundance. Invertebrate herbivores can have indirect effects on the predominant plant traits in 
semi-natural vegetation ( see review  Takayuki, 2005) which resulted in cascading effects on 
other invertebrates within the community. Kessler and Halitschke (2007) found that 
herbivore-induced defense chemicals in plants affect other invertebrates e.g. by attracting 
insect parasitoids and predators. Similarly, Megías and Müller (2010) found root herbivores 
and detritivores affect other herbivores and parasitoids associated with the host plant. 
It is clear from the literature that vegetation may affect the invertebrates through three 
processes: the species composition, the structural complexity, and the plant traits. Species 
composition is affected by both the cover-abundance and species identity of the plants, which 
changes the host plants, other food resources and microclimate in which the invertebrates live. 
Likewise, vegetation structure affects the microclimate and the availability of resources for 
invertebrates. The role of plant traits on invertebrates has been little studied in 
agroecosystems, other than pollinators, but may also affect the invertebrate community 
composition. In order to determine the response of invertebrates to the plant community 
composition, vegetation structure and plant species traits, we sampled 86 sites on a split 
organic/conventional farm. Data for three invertebrate functional groups were collected via 
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pitfall and pan traps in crops and adjacent field boundaries in both management systems. The 
aims of this study were to: 
1) Invertebrate community composition is determined by the vegetative cover 
composition (i.e. plant species composition) in both the organic and conventional 
farming systems 
2) Vegetation vertical structure will affect invertebrate assemblages in both management 
systems 
3) Plant strategies, as described by Grime (1988) CSR framework of Competitor- Stress 
tolerator- Ruderal, will affect invertebrate abundance and composition 
4) Quantify the relative importance of plant composition, plant structure and plant traits 
on invertebrate assemblages 
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6.3 Methods 
6.3.1 Survey Area and Management 
Samples were collected at Nafferton Farm, a typical mixed commercial conventional farm in 
northern England, Northumberland, UK (54°59ꞌ, 09ꞌꞌN; 1°43ꞌ, 56ꞌꞌW). Full details of the farm 
are provided in Chapter 2, with information on invertebrate sampling methods in Chapter 2, 
section 2.2.1. 
6.4 Sampling and Data Generation 
6.4.1 Invertebrates 
Invertebrates were identified to family, sub-family and tribe, according to Chinery (1993); 
Roberts (2001); Luff (2007) and confirmed by expert entomologist Dr M.D. Eyre, depending 
on functional group, and counted, see Table 2.3. Invertebrates were sampled in 16 organic and 
14 conventional crop fields, and within each field, samples were collected at two sites 
approximately 20 m apart (Chapter 2, Figure 2.3 and Figure 2.4). At each site, invertebrates 
were pooled at three points: one in the non-crop field boundary (0 m), field edge (5 m) and in 
the crop itself (40 m). Invertebrates were sampled monthly from May to September 2015 with 
28 samples from the conventional half of the farm: 12 in wheat fields, 4 barley, and 12 in 
oilseed rape. See Chapter 2 for full details 
6.4.2 Vegetation sampling 
Plant cover and structure were measured in the field at the same locations used to sample 
invertebrates. Plant cover was assessed in late July 2015 with 1-m2 quadrats: the percent cover 
of all vascular plants and bryophytes were estimated to the nearest 5%, with single individual 
or rarer species in the quadrat scored at 0.5, 1 or 2% (Woodcock et al., 2007). Plant cover 
percentage of each species was estimated independently by two people, in order to minimize 
bias. All plants in the quadrat were identified to species (Hubbard, 1954; Rose, 1981; Stace, 
1991). For a detailed list of plant species, see Table 6.1. Full details of vegetation sampling 
are given in Chapter 2. 
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Plant species Abbreviations 
Agrostis stolonifera Agrostol 
Arrhenatherum elaticus Arrhelat 
Brassica napus Brasnapu 
Bromus mollis Brommoll 
Bromus sterilis Bromster 
Chenopodium album Chenoalbu 
Cirsium vulgare Cirsvulg 
Cirsium arvense Cirsarve 
Cynosurus cristatus Cynocris 
Dactylis glomerata Dactglom 
Festuca pratensis Festprat 
Festuca rubra Festrubr 
Galium aparine Galiapar 
Holcus lanatus Holclana 
Hordeum vulgare Hordvulg 
Hypochaeris radicata Hypocradi 
Lactuca serriola Lactserr 
Lolium perenne Lolipere 
Phaseolus vulgaris Phasvulg 
Phleum pratense Phleprat 
Poa annua Poaannu 
Polygonum convolvulus Polyconv 
Polygonum persicaria Polypers 
Rumex crispus Rumecris 
Rumex obtusifolius Rumeobtu 
Sinapis arvensis Sinaarve 
Trifolium pratense Trifprat 
Trifolium repens Trifrepe 
Triticum aestivum Tritaset 
Urtica dioica Urtidioi 
Veronica chamaedrys Verocham 
Table 6.1 Complete list of plant species used in CCA analyses. 
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A list of plant traits (see Table 2.5), for those species in the plant cover database, was 
generated using plant strategy theory by (Grime, 1977; Grime, 1988) especially the electronic 
database produced by Hodgson et al. (1995), which includes: 
 life history (annual, perennial) 
 life form (chamaephyte – woody perennial with soil level buds; hemicryptophyte – 
herbaceous perennial with soil level buds; therophyte – annuals overwintering as 
seeds) 
 canopy structure (rosette, semi-rosette, leafy) 
 canopy height (short, medium, tall) 
 lateral spread (therophytes (seeds), rhizomes, tussocks) 
 leaf phonology (seasonal canopy, evergreen canopy) 
 flowering time (March/April, May, June, July) 
 regenerative strategies (vegetative, seed bank, wind dispersal) 
 seed bank (rapid germination, limited persistence in soil, log-term persistent seed bank 
in soil). For more information on plant traits see Table 2.5 
A pragmatic approach was used to the selection of which plant traits to include, applicable to 
research aims and objectives, in that plant traits most likely to influence invertebrate 
community composition were included (Weiher et al., 1999). A total of 10 plant traits were 
collated which reflected different ecological, morphological and life history categories. Each 
plant trait was subdivided into two to four levels resulting in a total of 29 traits. Some plant 
traits were represented exclusively (for example, annual, perennial), others were identified 
based on a semi-quantitative range of values (short <100m, tall 600 mm or more), whilst a 
small portion as co-existing entities (March and/or April). Separate weighted averages (based 
on plant cover) of the separate competitor, stress-tolerator, ruderal, annual and perennial 
scores were also calculated.
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6.5 Data analysis 
Separate canonical corresponding analyses (CCA – cover, structure and traits) were used to 
examine the relationships between the three plant attributes and the invertebrates. The matrix 
of invertebrate taxa by samples was used as the response, constrained by one of the 
explanatory variables of plant cover, structure and traits types within either the organic or 
conventional system. The vegetation cover data were highly skewed by a small number of 
common species, and were therefore Hellinger-transformed which square root the relative 
abundance data prior to incorporation within the CCA (Legendre and Gallagher, 2001). The 
CSR and annual/perennial data were used as explanatories in the CCA. The significance of 
the plant attributes on the invertebrate community composition was analysed using Monte 
Carlo permutation tests (999 permutations). Invertebrate species count data were log-
transformed log 10(n+1) prior to analyses to stabilize the variance and to reduce the influence 
of extreme values, and analyses undertaken in the R statistical environment, using the “vegan” 
package (Oksanen J, 2015) in R (R Development Core Team, 2015). Invertebrate taxa with 
less than five occurrences in the database were excluded from the analyses. 
Variance partitioning was used to quantify the effects on the invertebrate community of a) 
purely the plant cover, b) purely the plant structure, c) purely the plant traits, c) the joint effect 
(if any), d) residual unexplained variation. For the variation partitioning all plant traits 
described by Grime (1988) were used, not simply CSR plus annual/perennial Table 2.5. This 
was to provide a constraining matrix that best describes all the traits in the observed flora. The 
significance of individual components a) and b) was tested by Monte Carlo permutation tests 
(999 permutations); this cannot be done reliably for the joint effect c) (Buttigieg and Ramette, 
2014).
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6.6 Results 
Analyses were carried out on a total of 74284 epigeal predators in 23 taxa, 7796 foliar 
predators in 16 taxa and 43000 herbivores in 25 taxa. The results of the plant species cover, 
plant structure, plant traits and of these three together using data generated in the organic half 
of the farm are given below, followed by the same analyses using data from the 
conventionally managed half. 
6.6.1 Organic management: Relationship with plant cover and invertebrate assemblages 
in the organic system 
Overall, plant species composition did not significantly influence epigeal predators 
community composition (F18,25 =1.12, P= 0.077) within the organic system Figure 6.1. 
Nevertheless, Monte Carlo permutation tests indicated significant influence of three plant 
species, Agrostis stolonifera (F18,25 =2.85, P=0.002), Phaseolus vulgaris (F18,25 = 2.98, P= 
0.004) and Chenopodium album (F18,25 =2.72, P= 0.004). The major variation within the 
community composition of epigeal predators was associated with changes along CCA Axis 1 
(Figure 6.1 A) from non-crop grasses such as Agrostis stolonifera and Arrhenatherum elatius 
(short and tall field boundaries) on the negative half through to wheat (Triticum aestivum) and 
two weed species, Chenopodium album and Polygonum convolvulus with high CCA Axis 1 
scores. Axis 2 indicated variation from beans Phaseolus vulgaris and the weed Polygonum 
convolvulus through to the grass Poa annua with high axis 2 scores. Invertebrate taxa in low 
abundance across the farm showed distinct associations with some species of plants. For 
example, Coleoptera- Licinini and Coleoptera- Elaphrini were associated with spring wheat 
fields infested with Chenopodium album whilst Coleoptera- Sphodrini was associated with 
Poa annua and Agrostis stolonifera, in tall herbaceous boundaries. Most of the ubiquitous 
epigeal predator taxa were clustered around the origin, and therefore not closely associated 
with the cover of any particular individual plant species. Samples taken from within the crop 
(40 m) had a large convex polygon (Figure 6.1 B).compared with field edge or boundary, 
suggesting greater variation in taxa composition.  
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Figure 6.1 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predator assemblages in the organic system (data from May-September 2015), A) 
epigeal taxa response to plant species composition (axis1: 15.1%; axis2: 7.4%), B) 
variation in taxa composition in crop, field boundary and field edge habitats response to 
plant species composition (see Table 6.1 for full species name).  
 
A 
B 
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Plant species composition had an overall significant influence on foliar predators/ parasitoids 
composition within the organic system (F18,25 =1.52, P= 0.004 - Figure 6.2). Festuca pratensis 
(F18,25 =4.69,P=0.002), Agrostis stolonifera (F18,25 =2.85, P <0.00), Dactylis glomerata (F18,25 
= 2.72, P =0.004), Poa annua (F18,25 =1.98, P =0.048), Polygonum convolvulus (F18,25 = 1.93, 
P= 0.008), Holcus lanatus (P= 0.040) and Bromus sterilis (P= 0.048) were the most 
significant plant species. On CCA Axis 1 the main trend of variation in the foliar 
predators/parasitoids was from areas dominated by weed grass species Bromus sterilis and 
Holcus lanatus associated with rarer taxa Hymenoptera-Pteromalidae (mainly in spring beans 
and grass/clover) through to tall, field boundary grasses Festuca pratensis and Dactylis 
glomerata associated with medium size taxa (Figure 6.2 A). Neuroptera- Hemerobiidae and 
Mecoptera- Panorpidae, Axis 2 varied along boundaries dominated by the grasses Agrostis 
stolonifera and Poa annua associated flying Hemiptera- Nabidae, and Neuroptera-
Chrysopidae and Dermaptera- Forficulidae through to spring wheat (Triticum aestivum) 
infested with Polygonum convolvulus associated with Hymenoptera- Vespidae. Samples taken 
from within the crop had a small convex polygon in the CCA (Figure 6.2 B) suggesting less 
variation in taxa than boundaries and field edge.
142 
 
 
Figure 6.2 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predators/parasitoids assemblages in the organic system (data from May-September 
2015), A) foliar predators/parasitoids taxa response to plant species composition (axis1: 
14.1%; axis2: 6.2%), B) variation in taxa composition in crop, field boundary and field 
edge habitats response to plant species composition (see Table 6.1 for full species name). 
B 
A 
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Community composition of herbivores/pollinators was significantly influenced by plant 
species composition (F18,25 = 1.22, P= 0.001 - Figure 6.3). Both organic crop and weed 
species, especially Polygonum convolvulus (F18,25 = 5.72, P=0.002), Triticum aestivum (F18,25 
= 2.39, P= 0.008), Phaseolus vulgaris (F18,25 = 3.35, P= 0.010), Festuca pratensis (F18,25 = 
3.30, P= 0.014) and Agrostis stolonifera (F18,25 = 2.31, P= 0.044) contributed to the significant 
effect . The main trends on CCA Axis 1 were from field boundaries dominated by grass 
species (Dactylis glomerata, Festuca pratensis and Agrostis stolonifera) associated with 
Coleoptera-Anthicidae and Homoptera-Cercopidae through to spring beans (Phaseolus 
vulgaris), and spring barley (Hordeum vulgaris) dominated by the grass weed species 
(Bromus sterilis, Phleum pratense and Holcus lanatus) associated with the relatively rare 
Coleoptera- Galerucellinae (Figure 6.3 A). There were no obvious patterns in the CCA 
ordination between the three habitats (Figure 6.3 B).  
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Figure 6.3 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/pollinators assemblages in the organic system (data from May-September 
2015), A) herbivores/pollinators taxa response to plant species composition (axis1: 
16.4%; axis2: 6.2%), B) variation in taxa composition in crop, field boundary and field 
edge habitats response to plant species composition (see Table 6.1 for full species name). 
 
A 
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6.6.2 Relationship with plant structure and invertebrate assemblages in the organic 
system 
The structural characteristics of the main habitats in the organic system are 
summarized in Figure 6.4. The tallest habitats were the field beans, spring wheat and 
tall boundary. The grass/clover ley was relatively “bottom-heavy” with the densest 
foliage below 25 cm and relatively little above this height. The tall and hedge boundaries 
were dominated by shorter weed grasses. In the organic system both epigeal predators 
and foliar predators/parasitoids there was a significant decrease in invertebrate 
abundance with vegetation density (F1,42=7.73, P=0.008; F1,42=4.81, P=0.033 respectively;  
Figure 6.5). 
 
 
Figure 6.4 Overall structural characteristics of the main habitats in the organic system. 
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Figure 6.5 Relationship between the overall vegetation density and functional groups 
total: A) epigeal predators, B) foliar predators/pollinators and C) herbivores/ pollinators 
totals in the organic system.
A 
B 
C 
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The overall response of the organic epigeal predator assemblages to plant structure was not 
significant (F19,24 = 0.93, P= 0.492) with the only vegetation height that had a significant 
relationship with epigeal taxa was at 50 cm (F19,24=2.85, P=0.006 - Figure 6.6). In general, 
shorter and taller vegetation heights had lower Axis 1 score. There was no obvious pattern in 
vegetation heights along either Axis 1 or Axis 2 of the CCA, again suggesting that vegetation 
structure was having relatively little effect on the epigeal predators (Figure 6.6 A). Samples in 
the crops (40 m) had higher variation taxa in taxa composition compared to samples in field 
boundaries and field edge (Figure 6.6 B). A number of taxa such as Coleoptera- Oxytelinae 
and Coleoptera- Sphodrini were associated with the shorter and taller field boundaries 
respectively. Most of the ubiquitous epigeal predator taxa were clustered around the origin, 
and therefore not closely associated with particular plant structure class, rather combinations 
of taller and shorter. Other than two outlier samples associated with Elaphrini and Licinini 
there were no obvious patterns amongst the samples (Figure 6.6 B).  
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Figure 6.6 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predator assemblages in the organic system (data from May-September 2015), A) 
epigeal taxa response to plant structure (axis1: 13.0%; axis2: 4.8%), B) variation in taxa 
composition in crop, field boundary and field edge habitats response to plant structure.  
A 
B 
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Overall foliar predators/parasitoids were not affected overall by vegetation structure within 
the organic system (F19,24 = 1.17, P= 0.163 - Figure 6.7). Nevertheless, the Monte Carlo 
Permutation tests indicated significant effects of heights 50 cm (F19,24 = 1.72, P= 0.042) and 
80 cm (F19,24 = 2.91, P=0.002) , on foliar assemblages. The main variation along CCA Axis 1 
with the foliar predators was from taller vegetation (75 cm, 80 cm and 85 cm) associated with 
parasitoid wasp Hymenoptera- Pteromalidae and predatory Hemiptera- Nabidae in spring 
bean fields to medium vegetative heights (40 cm, 50 cm and 55 cm) associated with 
Mecoptera- Panorpidae, Neuroptera- Hemerobiidae in tall field boundaries bordering spring 
wheat. CCA Axis 2 showed taller heights (115cm and 120 cm) associated with Hymenoptera-
Platygasteridae, Hemiptera- Anthocoridae and Neuroptera- Chrysopidae in field edge of bean 
fields. Field boundaries had slightly less variation in taxa composition, indicated by the 
smaller convex polygon in Figure 6.7 B than crop and field edge.
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Figure 6.7 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predator/parasitoids assemblages in the organic system (data from May-September 
2015), A) foliar predator/parasitoids response to plant structure (axis1: 11.7%; axis2: 
1.9%), B) variation in taxa composition in crop, field boundary and field edge habitats 
response to plant structure.  
B 
A 
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Overall, plant structure did not significantly affect organic herbivore community composition 
(F19,24 = 1.22, P= 0.062 - Figure 6.8), nevertheless the Monte Carlo permutation test identified 
six plant structure heights with significant influences: 10 cm (F19,24 = 1.94, P= 0.038), 20 cm 
(F19,24 = 2.35, P= 0.006), 50 cm (F19,24 = 2.70, P <0.002) and 80 cm (F19,24 = 2.44, P= 0.008. 
The main variation in herbivore community composition CCA Axis 1 had relatively tall (80 
cm, 85 cm- Figure 6.8 A). Vegetative structures associated with Coleoptera- Galerucellinae in 
bean fields with low scores, through to taller plant height (120 cm) associated Hymenoptera-
Cynipidae within spring barley and wheat fields. Axis 2 had short field boundary plant 
vegetation (5 cm, 10 cm) associated with Coleoptera- Anthicidae, Hemiptera- Lygaeidae, 
Coleoptera- Byrrhidae and Homoptera- Cercopidae in grassy boundaries with low axis scores 
through to a mixture of shorter and taller plants (50 cm, 115 cm, 120 cm) in spring barley and 
spring wheat crops at the positive end. Samples in field boundaries had less variation in their 
taxonomical composition Figure 6.8 B than the other two habitats.
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Figure 6.8 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/pollinators assemblages in the organic system (data from May-September 
2015), A) herbivores/pollinators taxa response to plant structure (axis1: 14.8%; axis2: 
2.1%), B) variation in taxa composition in crop, field boundary and field edge habitats 
response to plant structure.  
B 
A 
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6.6.3 Relationship with plant traits and invertebrate assemblages in the organic system 
Overall summaries of the positions of the vegetation CSR traits at each site are summarized 
using standard 3-dimension plots in Figure 6.9, coded according to crop, field boundary or 
field edge. The CSR traits for the organic samples are relatively similar, dominated by 
approximately 35 to 45% competitors and ruderals, with fewer stress tolerators at 
approximately 20% (Table 6.2).
 
Figure 6.9 Overall summaries of the positions of the vegetation CSR traits at each site in 
the organic system. 
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Crops Boundaries 
 μ σ  μ Σ 
Conventional  
Competitors  47.14 4.6 44.85 4.01 
Stress-tolerators  5.71 9.2 20 5.43 
Ruderals  47.14 4.6 35 3.67 
Organic 
Competitors  39.75 5.79 44.83 5.79 
Stress-tolerators  19.37 5.93 20 5.93 
Ruderals  40.81 5.08 35 5.08 
Table 6.2 Mean (μ) and standard deviation (σ) for CSR plant cover in field boundary 
and crop habitats. 
 
Overall plant traits did not have a significant effect on epigeal predator composition 
(F1,38=1.05, P=0.235 - Figure 6.10) although stepwise selection indicated that the presence of 
annual plants was important (F1,38=3.48, P=0.010). The main variation on CCA1 showed 
increased number of stress tolerator plant species associated with Coleoptera-Oxytelinae and 
Sphodrini associated with perennial species whilst secondary variation CCA2 showed the 
rarer taxa Elaphrini associated with ruderal plant species (Figure 6.10 A). Foliar 
predators/parasitoids were significantly affected by plant traits (F5,38=1.36, P=0.041 - Figure 
6.11) with the weighted cover of annuals and perennials particularly important (F1,38=2.93, 
P=0.009; F1,38=2.18, P=0.041 respectively). Increased numbers of perennial plants were 
associated with Hemipteran- Nabidae and Pentatomidae, whilst there was a greater proportion 
of Neuropteroid- Chrysopidae associated with competitor plant species (Figure 6.11 A) 
Herbivores/pollinators were significantly affected overall by all the plant traits (F4,38=1.49, 
P<0.001 - Figure 6.12) with stepwise selection indicating that weighted cover of annual plants 
was most important (F1,38=2.62, P=0.009). Heteroptera- Miridae, Hemipteran- Delphacidae 
and Coleoptera- Alticinae were most strongly associated with annual plants whilst 
Coleopteran- Anthicidae, Hemipteran- Cicadellidae and Lygaeidae were associated with 
stress tolerator plant species (Figure 6.12 A). In all three plots (Figure 6.10 B, Figure 6.11 B 
and Figure 6.12 B), there were no obvious consistent patterns in the taxonomic composition 
of the three habitats, as indicated by the convex polygons.  
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Figure 6.10 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predators assemblages in the organic system (data from May-September 2015), A) 
epigeal predators taxa response to CSR plant traits (axis1: 5.7%; axis 2: 2.9%), B) 
variation in taxa composition in crop, field boundary and field edge habitats response to 
CSR plant traits. 
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Figure 6.11 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predators/parasitoids assemblages in the organic system (data from May-September 
2015), A) foliar predators/parasitoids taxa response to CSR plant traits (axis1: 7.2%; 
axis2: 3.4%), B) variation in taxa composition in crop, field boundary and field edge 
habitats response to CSR plant traits. 
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Figure 6.12 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/pollinators assemblages in the organic system (data from May-September 
2015), A) herbivores/pollinators taxa response to CSR plant traits (axis1: 9.8%; axis2: 
2.6%), B) variation in taxa composition in crop, field boundary and field edge habitats 
response to CSR plant traits. 
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6.6.4 Influence of combined plant cover, structure and traits on invertebrate 
assemblages in the organic system 
Table 6.3 summarizes the results from variation partitioning the effects of plant cover (i.e. 
plant species composition), structure and traits on all three invertebrate functional groups 
within the organic system. Overall the plant cover, structure and traits explained between 
approximately 14% and 22% of the total variation in the invertebrate community 
composition. There was relatively little difference in the overall pattern between the 
functional groups, with most of the variation (4.0% to 7.6%) being explained by plant traits 
and (1.0% to 2.0%) jointly between the plant cover, structure and traits. Only a relatively 
small amount of variation (4.3% to 5.4%) could be uniquely allocated to plant structure and 
(up to 1.8%) cover. However, 78.9% and 79.3% of the variation in epigeal predators and 
herbivores/pollinators respectively was unexplained, with slightly more unexplained for foliar 
predator/parasitoids (87.9%). 
Plant traits and structure affected epigeal predator assemblage composition (F2,37 = 2.89, P= 
0.002; F2,37 = 2.33, P= 0.005 respectively), explaining 7.6% and 5.4% of the variation 
respectively (Table 6.3). Plant structure and traits also had significant individual effects (5.0% 
and 4.0%) on foliar predators/parasitoids (F2,37 = 2.419, P= 0.023 and F2,37 = 2.02, P= 0.039 
respectively). Similarly, herbivore/pollinator community composition was affected by plant 
traits (6.3%; F2,37 = 2.90, P 0.001) and structure (4.3%; F2,37 = 2.06, P= 0.009). 
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Functional group 
Plant 
cover 
Plant 
structure 
Plant 
traits 
Joint effect 
of cover & 
structure 
Joint effect of 
structure & 
traits  
Joint effect 
of traits & 
cover 
Joint effect of 
cover, structure 
& traits  
Residual 
Epigeal predators 1.8 5.4 7.6 1.4 0.0 3.0 2.0 78.9 
Foliar predators / 
parasitoids 
0.0 5.0 4.0 1.0 0.0 1.0 1.1 87.9 
Herbivores / 
pollinators 
1.5 4.3 6.3 2.5 3.5 1.6 1.0 79.3 
Table 6.3 Variation partitioning showing the unique and joint effects (percentage explained) of the plant cover, structure and traits on 
the invertebrate community composition in the organic system. 
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6.6.5 Conventional management: Relationship with plant cover and invertebrate 
assemblages in the conventional system 
Plant cover (i.e. plant species composition) had an overall significant influence on 
conventional epigeal predator assemblages (F12,29 = 2.13, P< 0.001 - Figure 6.13), with 
significant crop and  weed species including Triticum aestivum (F12,29 = 3.28, P =0.002), 
Bromus mollis (F12,29 = 2.98, P= 0.006), Festuca rubra (F12,29 = 2.62, P= 0.012), Holcus 
lanatus (F12,29 = 2.55, P= 0.032) and Arrhenatherum elatius (F12,29 = 1.89, P= 0.038). CCA 
Axis 1 Figure 6.13 A showed variation from samples associated with dense oilseed rape 
(Brassica napus) through to winter wheat (Triticum aestivum) with high axis scores. Axis 2 
varied from winter barley (Hordeum vulgare) with low axis score through to field boundaries 
dominated by grasses (especially Phleum pratense and Holcus lanatus). Most of the 
ubiquitous invertebrate taxa were grouped around the origin of the axes. Coleoptera- Lebiini 
was associated with field hedge boundaries infested with the grass weed Phleum pratense 
whilst Coleoptera- Licinini was associated with tall grassy field boundaries bordering oilseed 
rape fields. Hemiptera- Saldidae was generally associated with Arrhenatherum elaticus grass 
species with high Axis 1 scores.
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Figure 6.13 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predators assemblages in the conventional system (data from May-September 2015), A) 
epigeal predators taxa response to plant species composition (axis1: 10.9%; axis2: 
1.0%), B) variation in taxa composition in crop, field boundary and field edge habitats 
response to plant species composition (see Table 6.1 for a complete list of plant species). 
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Plant species composition did not have an overall effect on foliar predator/parasitoid 
community composition within the conventional system (F12,29 = 1.48, P= 0.098 - Figure 6.14) 
although two plant species found in the field boundaries had significant individual influences 
Arrhenatherum elatius (F12,29 = 3.22, P =0.002) and Dactylis glomerata (F12,29 = 2.98, P= 
0.032). Axis 1 Figure 6.14 A showed variation from field boundaries bordering oilseed rape 
containing Cynosurus cristatus associated with Hemipteran- Nabidae, through to woodland 
edge habitats dominated by Arrhenatherum elatius and Festuca rubra associated with 
Neuropteran- Chrysopidae and Dermapteran- Forficulidae. Axis 2 varied from tall herbaceous 
boundaries containing Dactylis glomerata and Bromus sterilis, through to winter wheat crops 
infested with Phleum pratense. Mecoptera- Panorpidae was associated with tall grassy 
boundaries, whilst Hymenoptera- Platygasteridae was associated with Phleum pratense in 
winter wheat.
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Figure 6.14 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predators/parasitoids assemblages in the conventional system (data from May-
September 2015), A) foliar predators/parasitoids taxa response to plant species 
composition (axis1: 10.3%; axis2: 3.1%), B) variation in taxa composition in crop, field 
boundary and field edge habitats response to plant species composition (see Table 6.1 for 
a complete list of plant species). 
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Overall, in the conventional system herbivores/pollinators were significantly influenced by 
plant species composition (F12,29 = 2.65, P< 0.001 - Figure 6.15), with four weed species in the 
field boundaries Phleum pratense (F12,29 = 5.73, P =0.002),  H. lanatus (F12,29 = 3.96, 
P=0.004), Triticum aestivum (F12,29 = 2.37, P= 0.016) and Lolium perenne (F12,29 = 1.94, P= 
0.032) and the very dense oilseed rape Brassica napus (F12,29 = 4.17, P =0.002) having 
significant influence. Major variation on CCA Axis 1(Figure 6.15 A) was between the grass 
species Phleum pratense generally associated with Homoptera- Cercopidae in tall boundaries 
through to oilseed rape Brassica napus associated with Hymenoptera- Cynipidae in the field 
edge (5 cm). Secondary variation CCA Axis 2 was between oilseed rape (Brassica napus) 
associated with the rare seed weevils Coleoptera- Apionidae through to flower beetles 
Coleoptera- Melyridae sampled in winter wheat with high axis scores.  
In epigeal predators, foliar predators/parasitoids, and herbivores/pollinators, in general there 
was least taxonomic variation in the crop samples, and greatest in the field boundaries, as 
indicated by the convex polygons in the CCA ordination plots (Figure 6.15 B, Figure 6.15 B 
and Figure 6.15 B). 
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Figure 6.15 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/pollinators assemblages in the conventional system (data from May-
September 2015), A) herbivores/pollinators taxa response to plant species composition 
(axis1: 15.4%; axis2: 6.8%), B) variation in taxa composition in crop, field boundary 
and field edge habitats response to plant species composition (see Table 6.1 for a 
complete list of plant species). 
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6.6.6 Relationship with plant structure and invertebrate assemblages in the conventional 
system 
The structural characteristics of the main habitats in the conventional system are summarized 
in Figure 6.16. The tallest habitats were the tall grassy boundaries, woodland boundaries and 
oilseed rape. The OSR was relatively 'top-heavy' with the densest foliage above 75 cm, and 
relatively little cover below 50 cm in height. The winter wheat and barley were both shorter, 
but like the OSR, were most dense at the top. In the conventional system the total vegetation 
density was unrelated to the total number of epigeal predators, but the abundance of both 
foliar predators/parasitoids and herbivores/pollinators was positively correlated with 
vegetation density (F1,25=14.41, P<0.001; F1,40=17.75, P<0.001 respectively; Figure 6.17). 
 
Figure 6.16 Overall structural characteristics of the main habitats in the organic system.
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Figure 6.17 Relationship between the overall vegetation density and functional groups 
total: A) epigeal predators, B) foliar predators/pollinators and C) herbivores/ 
pollinators totals in the conventional system.  
A 
C 
B 
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Plant structure had an overall significant influence on epigeal predator community 
composition within the conventional system (F14,27 = 1.79, P< 0.001 - Figure 6.18). Stepwise 
tests indicated plant structure heights 10 cm (F14,27 = 2.43, P= 0.008), 60 cm (F14,27 = 2.62, P= 
0.008), 110 cm (F14,27 = 2.19, P= 0.010), 70 cm (F14,27 = 2.17, P= 0.012), 20 cm (F14,27 = 2.11, 
P= 0.044) and 40 cm (F14,27 = 1.81, P= 0.044) contributed to the significant influence. The 
major variation (Figure 6.18 A) on CCA Axis 1A was between tall vegetation heights (90 cm, 
110 cm, 115 cm) associated with three rarer Coleoptera tribes Licinini, Scaritini and Harpalini 
in taller oilseed rape fields through to shorter plants heights (20 cm, 75 cm, 60 cm) associated 
with Coleoptera- Saldidae in winter wheat and oilseed rape. CCA Axis 2 varied from 
moderately tall vegetation heights (80 cm, 85 cm) closely associated with the very abundant 
Coleoptera- Pterostichini, Coleoptera- Loricini, and Coleoptera- Platynini in winter wheat 
through to very tall vegetation heights (130 cm) associated with Coleoptera- Cychrini with 
high scores in tall field boundaries. Most of the ubiquitous invertebrate taxa were grouped 
around the origin of the axes, with particular association to specific plant heights.
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Figure 6.18 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predators assemblages in the conventional system (data from May-September 2015), A) 
epigeal predators taxa response to plant structure (axis1: 18.4%; axis2: 2.4%), B) 
variation in taxa composition in crop, field boundary and field edge habitats response to 
plant structure. 
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Overall, foliar predators/parasitoids was not significantly influenced by plant structure in the 
conventional farming system (F14,27 = 1.45, P= 0.174 - Figure 6.19). Nevertheless, plant 
structure heights of 130 cm (F14,27 = 3.11, P= 0.034), 90 cm (F14,27 = 1.97, P= 0.048) and 134 
cm (F14,27 = 3.49, P= 0.046) had significant individual effects on foliar predator/parasitoid 
community composition. The major variation on CCA Axis 1 (Figure 6.19 A) was between 
taller vegetation heights (80 cm, 125 cm, and 130 cm) associated with Hemiptera- Nabidae 
and Hymenoptera- Platygasteridae found mainly in hedge boundaries, through to medium 
vegetation heights (55 cm, 65 cm) associated with Neuroptera- Chrysopidae in woodland 
boundaries. CCA Axis 2 was less consistent, varying from combinations of short and tall 
vegetation (15 cm, 60 cm, and 130 cm) associated with Hemiptera- Nabidae in winter wheat 
through to tall vegetation heights (135 cm, 115 cm) associated with Hymenoptera- Vespidae 
in tall herbaceous boundaries. Most of the ubiquitous taxa were around the origin without any 
specific association to particular vegetation heights.
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Figure 6.19 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predators/parasitoids assemblages in the conventional system (data from May-
September 2015), A) foliar predators/parasitoids taxa response to plant structure (axis1: 
15.0%; axis2: 3.0%), B) variation in taxa composition in crop, field boundary and field 
edge habitats response to plant structure. 
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Overall, plant structure had a significant influence on herbivores/pollinators community 
composition within the conventional system (F14,27 = 1.42, P= 0.037 - Figure 6.20), with plant 
heights of 20 cm (F14,27 = 3.51, P= 0.002) and 120 cm (F14,27 = 2.74, P= 0.002) and 10 cm 
(F14,27 = 1.75, P= 0.024) having significant effects. The main variation along CCA Axis 1 
(Figure 6.20 A) was between a mixture of taller and shorter vegetation heights (25 cm, 30 cm, 
130 cm) generally associated with two Homoptera taxa Cercopidae and Cicadellidae sampled 
in tall grassy field boundaries and hedges through to taller vegetation heights (100 cm, 115 
cm, 120 cm) associated with Coleoptera- Scolytidae in oilseed rape fields. CCA Axis 2 had 
height of 120 cm was associated with Coleoptera- Lathridiidae with low axis scores, in 
oilseed rape fields, through to medium heights (50 cm, 60 cm) associated with Coleoptera-
Melyridae and Anthicidae in winter wheat fields. 
In all three CCA plots (Figure 6.18 B, Figure 6.19 B, Figure 6.20 B), especially the epigeal 
predators, and herbivores/pollinators, there appeared to be greater variability in the taxonomic 
composition of the invertebrates within the boundaries than the crops or field edge. 
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Figure 6.20 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/ pollinators assemblages in the conventional system (data from May-
September 2015), A) herbivores/pollinators taxa response to plant structure (axis1: 
16.0%; axis2: 6.8%), B) variation in taxa composition in crop, field boundary and field 
edge habitats response to plant structure. 
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6.6.7 Relationship with plant traits and invertebrate assemblages in the conventional 
system 
Figure 6.21 provides an overview of the CSR weighted vegetation patterns in the 
conventional crops, field boundary and field edge. Crop samples were dominated by 
competitors and ruderals (on average over 45% each), whilst the stress-tolerators comprised 
only approximately 5% of the vegetation. In contrast, in the field boundaries, stress-tolerators 
plant species comprised on average 20% of the cover, whilst the ruderals were only 35% (see 
Table 6.2).
 
Figure 6.21 Overall summaries of the positions of the vegetation CSR traits at each site 
in the conventional system, summarized using standard 3-dimension plots.
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Epigeal predator community composition was significantly affected by plant traits (F5,36=1.90, 
P<0.001 - Figure 6.22), with perennials, ruderals and stress-tolerator covers most important 
(F1,38=6.27, P<0.001; F1,38=4.04, P<0.001; F1,38=3.00, P=0.006 respectively). Coleoptera-
Cychrini and Coleoptera- Omalinae were particularly associated with stress-tolerator plant 
species whilst Coleoptera- Licinini and Coleoptera- Lebiini were associated with perennial 
plant species (Figure 6.22 A). There was not a significant effect of plant traits overall on foliar 
predators/parasitoids (F5,36=1.55, P=0.071- Figure 6.23), although stepwise selection 
suggested that ruderals had an effect (F1,40=3.33, P=0.010), with fewer Hymenoptera-
Vespidae whilst three parasitoids Hymenopteran- Platygasteridae, Pteromalidae, and 
Hemipteran- Nabidae were all associated with stress tolerators (Figure 6.23 A). Plant traits 
had a significant effect overall on conventional herbivores/pollinators (F5,36=1.45, P=0.038- 
Figure 6.24) with perennials and ruderals particularly important (F1,39=4.93, P=0.001; 
F1,39=2.19, P=0.042 respectively). Coleoptera- Cassidinae and Coleoptera- Apionidae were 
associated with increased cover of perennials and ruderals whilst an increase in annuals and 
competitor cover was associated with Coleopteran- Anthicidae (Figure 6.24 A). 
The variation in invertebrate taxonomic composition was considerably greater in the field 
boundaries than the crop or field edge (Figure 6.22 B, Figure 6.23 B and Figure 6.24 B). 
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Figure 6.22 Canonical Correspondence Analysis (CCA) ordination diagram of epigeal 
predators assemblages in the conventional system (data from May-September 2015), A) 
taxa response to CSR plant traits (axis1: 10.4%; axis2: 5.9%), B) variation in taxa 
composition in crop, field boundary and field edge habitats response to CSR plant traits. 
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Figure 6.23 Canonical Correspondence Analysis (CCA) ordination diagram of foliar 
predators/parasitoids assemblages in the conventional system (data from May-
September 2015), A) taxa response to CSR plant traits (axis1: 8.0%; axis2: 2.6%), B) 
variation in taxa composition in crop, field boundary and field edge habitats response to 
CSR plant traits. 
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Figure 6.24 Canonical Correspondence Analysis (CCA) ordination diagram of 
herbivores/pollinators assemblages in the conventional system (data from May-
September 2015), A) taxa response to CSR plant traits (axis1: 7.7%; axis2: 4.3%), B) 
variation in taxa composition in crop, field boundary and field edge habitats response to 
CSR plant traits. 
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6.6.8 Influence of combined plant cover, structure and traits on invertebrate 
assemblages in the conventional system 
Overall the three plant attributes explained between approximately 23% and 42% of the total 
variation in the conventional invertebrate community composition for the three functional 
groups Table 6.4. There was relatively little difference in the overall pattern between epigeal 
predators and foliar predators/parasitoids, with plant cover, structure and traits showing 
similar proportional effect, but greater in herbivores/pollinators assemblages. Irrespective of 
the plant attributes for epigeal predators and foliar predators/parasitoids approximately 77% 
of the total variation was unexplained, less for herbivores/pollinators. 
Plant traits and structure had similar influence on epigeal predators, with slightly lesser 
amount for cover. All three plant attributes had significant effects on the epigeal predators 
community composition: traits (F2,37 = 2.77, P< 0.001), cover (F2,35 = 2.29, P< 0.001) and 
structure (F2,35 = 2.48, P< 0.001). There was a very small joint cover: structure: traits effect 
(1%). Similar plant attributes pattern was seen in foliar predators/parasitoids assemblages as 
epigeal predators. None of the three attributes had significant effects on the foliar predator 
assemblages, plant traits (F2,35 = 1.51, P= 0.116) plant structure (F2,35 = 1.46, P= 0.143) plant 
cover (F2,35 = 1.15, P= 0.271) with little variation explained by any of the three attributes 
(Figure 8b). However, by far the greatest effect on foliar predators was jointly plant: cover: 
structure: traits combinational effect (15.1%). Herbivore / pollinators assemblages were 
significantly influenced by plant cover (F2,35 = 6.12, P= 0.001), traits (F2,35 = 3.63,  P= 001), 
structure (F2,35 = 2.27 P= 0.008). As with foliar predators there was a large jointly plant cover: 
structure: traits effects on the community composition (13.0%).
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Functional group 
Plant 
cover 
Plant 
structure 
Plant 
traits 
Joint effect 
of cover & 
structure 
Joint effect of 
structure & 
traits. 
Joint 
effect of 
traits & 
cover 
Joint effect of 
cover, 
structure & 
traits  
Residual 
Epigeal predators 5.4 5.6 6.5 4.1 0.0 0.0 1.0 77.4 
Foliar predators / 
parasitoids 
1.8 2.0 2.0 2.0 0.0 0.0 15.1 77.1 
Herbivores / 
pollinators 
16 3.7 8.1 0.0 0.0 1.0 13.0 57.4 
Table 6.4 Variation partitioning showing the unique and joint effects (percentage explained) of the plant cover, structure and traits on 
the invertebrate community composition in the conventional system.
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6.7 Discussion 
This research has undertaken a detailed investigation of the role of vegetation cover, vertical 
structure and plant traits on the invertebrate community composition on two farming systems. 
It is clear that all three factors have major effects on the invertebrates, but the exact patterns 
depend both on the farming system, and the invertebrate functional group. In general, plant 
traits appeared to be more important than cover or structure in determining the invertebrate 
community composition in both systems, and the three plant-related variables had bigger 
effects in the conventional than organic system. 
6.7.1 Plant traits and invertebrate community composition 
In both farming systems the invertebrate response to plant life history traits was on a broad 
trend from vegetation communities dominated by predominantly competitor plant species in 
the boundaries through to those with ruderal species in the crops (CSR scheme of Grime, 
1988). The overall variation in invertebrate taxa composition in response to plant traits, as 
measured by the scatter of points in the relevant CCA plots (Figure 6.22 B, Figure 6.23B, 
Figure 6.24 B) was relatively similar in the crops and field edges but considerable greater 
variation within field boundaries for the conventional system. In contrast, in the organic 
system, there was considerably greater variation in invertebrate species composition within 
the crops and field edge (40 m and 5 m) than boundaries (Figure 6.10 B, Figure 6.11 B, 
Figure 6.12 B), especially epigeal predators and herbivores/pollinators. Whilst the underlying 
cause is difficult to ascertain, there appears to be a management effect. In the organic system, 
there was a greater diversity of weeds which provided food sources for seed eating predators 
and  biological weed control, alternative to herbicide in the conventional system (Westerman 
et al., 2005). In contrast, conventional fields are devoid of flowering plants and crop weeds 
(Bianchi et al., 2006; Winkler et al., 2009), which provides variation in traits diversity which 
affected invertebrate groups differently. 
In the conventional system the use of herbicides will have resulted in greater homogeneity in 
arable weeds which may account for the relative similarities observed in the two habitats in 
the conventional system (Figure 6.22 B, Figure 6.23 B Figure 6.24 B). In contrast, the organic 
system did not have herbicide drift from crop to field boundaries, this can produce more plant 
species in the organic hedgerows (Aude et al., 2004). Field boundaries are important for crop 
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pollination, wildflowers, and spillover of other ecosystem services into nearby cropland 
(Blitzer et al., 2012), and therefore their conversion for cropping should be avoided (Verburg 
et al., 2006). In the conventional system however, field boundaries have been negatively 
affected by pesticide drifts, with negative effects on canopy structure resulting in a “knock on 
effect” on pollinators and natural pest control (Potts et al., 2010; Oliver et al., 2015). In 
contrast, the lack of herbicides usage in the organic crops enhanced a greater heterogeneity of 
arable weeds (Hole et al., 2005; Tscharntke et al., 2005c) which includes endangered plant 
species (van Elsen, 2000) and to a lesser extent the surrounding field boundaries. This may 
explain the bigger differences in overall variation in the invertebrates in response to plant 
traits in the two habitats in the organic system (Figure 6.10 B, Figure 6.11 B Figure 6.12 B). 
Nevertheless, the plant traits in the field boundaries are relatively similar in both parts of the 
farm, consisting of both annual and perennial plants and predominantly competitors. 
Nick et al. (2001) suggested that highly diverse plant habitats may provide a greater range of 
food types for phytophagous carabids (herbivores of flowers and seeds). For example, CCA 
results showed seed-eating weevils Apionidae were associated with annual wheat crop (i.e. 
plant traits that result in production of large amount of seeds). The increased Apionidae will 
in turn attract their associated enemy with increased assemblages of predators (Crowder et al., 
2010). At a broader scale, agricultural land use patterns partly determine observed plant traits 
(Garnier et al., 2007), as plants respond to differences in productivity and disturbance (Grime, 
2006) in the agroecosystem. 
6.7.2 Plant cover and invertebrate community composition 
Plant community composition appeared to be a slightly more important factor affecting the 
invertebrate community composition in the conventional than organic system (especially 
epigeal predators and herbivores/pollinators), but nevertheless was important for both (Figure 
6.1 A, Figure 6.2 A, Figure 6.3 A, Figure 6.13 A, Figure 6.14 A and Figure 6.15 A). In the 
organic systems, many weed species grow in both the crop and field boundaries, resulting in 
fewer differences in plant species composition between both habitats (Zaller et al., 2008). 
Organic farms incorporate the use of organic manure or slurry to enhance soil nutrients which 
in turn encourage weeds species in both field edge and crop (Romero et al., 2008; Sharma et 
al., 2017). Invertebrates can often migrate between crop fields to non-crop boundaries in 
response to the quality of habitat particularly when there is a large contrast in available food 
in crop fields compared to boundaries (Dong et al., 2015). Such contrasts are likely to be 
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accentuated in the conventional system due to agronomic practice where there is a smaller 
seed bank due to winter sown crops. Marshall et al. (2003) and the use of herbicides. 
O'Sullivan and Gormally (2002) reported that carabid species richness between sites were 
strongly related to weed cover whilst weed cover increased activity of some species of ground 
beetles in organic potatoes and cabbage (Armstrong and McKinlay, 1997). In general, plant 
cover influences invertebrate abundance e.g. ground beetles and rove beetles and wasps: 
(Varchola and Dunn, 1999; Lassau and Hochuli, 2005; Harvey et al., 2008) and species 
composition of Auchenorrhyncha- Hemiptera (Sanderson et al., 1995) partly through its 
effects on local microclimate within the plant canopy (Norris and Kogan, 2017). In addition, 
dense cover in planted field boundaries (Woodcock et al., 2005a) and cultivated fields (Eyre 
et al., 2013b) can increase beetle activity with potential beneficial control of pests in the crop.  
6.7.3 Plant structure and invertebrate community composition 
Vegetation density had variable effects on invertebrate abundance in both management 
systems, with some functional groups showing positive, negative or no correlation with 
density ( 
Figure 6.5 and Figure 6.17). Interpretation of these data is difficult, as sampled the 
invertebrate abundance is affected by the true invertebrate abundance in the field, as well as 
the sampling efficiency. The latter, especially for pitfall traps, is itself affected by vegetation 
density (Thomas et al., 2006). 
Overall plant structure had relatively little effects on invertebrate species composition in the 
organic system, but in the conventional system it affected epigeal predators and 
herbivores/pollinators community structure. Plant density however had great effects on 
invertebrate abundance in both management system, especially conventional system. In the 
organic system, vegetation vertical structure was relatively similar across most crop types and 
field boundaries with the greatest density of vegetation at lower heights. In contrast in the 
conventional system the structure was more varied, with taller and 'top-heavy' crops 
(especially oilseed rape and cereals) compared to 'bottom-heavy' field margins. The tallest 
vegetation was oilseed rape (conventional) and shortest the grass\clover ley (organic). Tall 
vegetation can serve as a temperature barrier (Dennis et al., 1994) or provide invertebrates 
with protection from vertebrate predators such as birds. Whilst numbers of some invertebrate 
predators, especially Araneae (spiders) will be higher in structurally complex vegetation 
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(Gibson et al., 1992), the hunting efficiencies of other invertebrate predators such as 
Carabidae is greater in short vegetation (Eyre et al., 2013b). 
In the organic system, the lack of importance for structure probably reflects the relative 
similarity in the overall structure in the different habitats. Note, however, that vegetation 
structure was only measured once, and that some crops (particularly grass\clover ley) will 
have experienced abrupt changes in structure during the course of the growing season due to 
silage cutting. The rapid removal of existing plant structure due to vegetation cutting, e.g. 
grass\clover ley and hay, (Cattin et al., 2003; Gardiner and Hassall, 2009) can result in 
massive migration of invertebrates to nearby field boundaries (Ribera et al., 2001; Thorbek 
and Bilde, 2004). This may account for some of the observed differences between crops and 
boundaries reported in Chapter 4. 
Vegetation structure affects ground beetles, with larger and fewer species in the densest 
vegetation (Brose, 2003). Zaller et al. (2008) suggested that within-field structure can 
influence pollen beetle and weevil activity in oilseed rape whilst invertebrate herbivore 
(butterfly) abundance was shown to increase in taller vegetation (Pöyry et al., 2006). 
Nevertheless, McCracken and Tallowin (2004) suggested that a mixture of grasses and broad-
leaved plants with varied vegetation heights and structures is needed to encourage 
invertebrate communities. Spiders respond to vegetation structure (Schmidt and Tscharntke, 
2005), but they were not included in these analyses. 
6.7.4 Relative effect of plant species composition, structure and traits on invertebrate 
communities 
Interpretation of the relative effects of plant cover (i.e. plant species composition), structure 
and traits on the invertebrate communities is not straightforward compared to the individual 
analyses described earlier in this chapter. For example, some predictors that appeared to have 
little or no effect when considered in isolation earlier (e.g. plant structure in the organic 
system) nevertheless have significant effects when analysed jointly with the other two 
predictors. The other reason for caution in interpretation is that in all the variation partitioning 
analyses the most variation unexplained was between 57.4 to 87.9%; Table 6.3. 
The overall amount of explained variation from the three factors, unique or joint, was higher 
for conventional than organic (mean 29.4% and 18.0% respectively).  This probably reflects 
the bigger contrasts in the vegetation in terms of its cover (i.e. plant species composition), 
structure and traits between the boundaries, edge and crop in the conventional compared to 
185 
 
organic. In the conventional system, plant cover had the greatest effects on 
herbivores/pollinators communities. Schaffers et al. (2008) suggested plant species 
composition tends to affect primary consumer groups (herbivores) that depend on them for 
food first, which in turn produce a cascading effect on higher trophic groups (predators, 
parasitoids and parasites). 
The three predictor variables (plant cover, plant structure, plant traits) did not have significant 
unique effects on the foliar predators/parasitoids in the conventional, although there was large 
joint effect (15.1% Table 6.4) of the three predictors on this functional group. In contrast, the 
joint effect in the organic system for this group was only 1.1%. The exact mechanisms that 
give rise to these differences are unclear. 
6.7.5 Conclusions 
The results presented in this chapter clearly indicate that plant cover (i.e. plant species 
composition), vegetation structure and plant traits all have important roles in their effects on 
invertebrates. They can affect both the absolute abundance of some groups of invertebrates 
but in particular the community composition of the invertebrates. Their effects are however 
not simple, as the three predictors are inter-related, and different groups of invertebrates 
respond to them in different ways depending on the farm management. Most studies have 
typically only looked at one or two of the three components (usually vegetation cover and/or 
structure), but this chapter demonstrates that plant traits are an important determinant of the 
invertebrate community. Irrespective of which particular plant trait system is used (CSR being 
the most common one for the UK), it is evident that it should be considered, along with 
vegetation cover and structure, to gain more insights into the invertebrate community.
186 
 
187 
 
 General Conclusion 
7.1 The rationale of studying invertebrate abundance and composition on a split 
organic/conventional farm 
The overall objective of this research was to assess the main drivers of invertebrate abundance 
and composition that could be incorporated into new decision-making practices and used by 
ecologists. This study required investigations at the whole-farm level, and across several 
sampling years, to encompass the whole cycle of agricultural management. As a result, a 
holistic approach was needed because invertebrate abundance and composition are influenced 
by both crop and non-crop habitats (Gonthier et al., 2014). Patterns change in both time and 
space, therefore samples from field boundaries, edge and crop have been analysed, in addition 
to those across rotation cycles. The unique split management system at Nafferton has allowed 
comparison of organic and conventional farming on invertebrate communities. 
A preliminary question was to test the hypothesis that invertebrate biodiversity was greater 
under organic than conventional management (Hole et al., 2005; Letourneau Deborah and 
Bothwell Sara, 2008). Biodiversity is influenced by processes operating at different spatio-
temporal scales (Belfrage et al., 2005) and differs between management systems (Gabriel et 
al., 2010b). Nafferton Farm is unique in that both management systems are on adjacent areas. 
This means that both halves of the farm experienced relatively similar weather, and soil type, 
in contrast to comparable research where farms are located at different geographical sites, 
which risk confusion of management with environment (Fuller et al., 2005). A greater number 
of types of arable crops was cultivated in the organic than conventional system at Nafferton, 
which is a common practice (Norton et al., 2009a). 
Long-term studies are important to determine the possible effects of management on 
invertebrate abundance and community composition, the entire cycle of agricultural 
management, specifically crop-rotation. Numerous prior investigations into different aspects 
of invertebrate biodiversity have been undertaken at Nafferton (Eyre et al., 2009; Eyre and 
Leifert, 2011b; Eyre and Leifert, 2012; Eyre et al., 2013a; Sanderson et al., 2015) which has 
provided a solid foundation on which to build the research described in this thesis. 
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7.2 Summary of key findings 
7.2.1 Overall biodiversity: organic vs conventional 
At Nafferton farm, both invertebrate biodiversity and abundance were greater in organic 
compared to conventional management, in accordance with previous research (Bengtsson et 
al., 2005; Burgio et al., 2015). The lack of artificial fertilizers and herbicides in the organic 
system, in addition to greater weed cover may have contributed to a more hospitable micro-
climate, which had positive effects on invertebrate abundance. In contrast, cutting, spraying, 
ploughing etc. in conventional crops may result in arthropods seeking refuge in nearby field 
boundaries (Kleijn et al., 2001; Meek et al., 2002). Our results indicated the greatest 
invertebrate biodiversity was along conventional woodland boundaries, whilst invertebrates 
were most abundant in organic short-grass field boundaries. However, note that there were no 
woodland boundaries on the organic part of the farm. The large number of taxa along 
woodland boundaries may have been related to the greater habitat diversity, with a complex 
mixture of grasses of different heights, scrub and trees. This provides a variety of different 
habitats for different invertebrate groups. In addition to management and field boundary type, 
crop type had major effects on invertebrate abundance, being especially abundant in organic 
spring beans, and conventional winter barley and oilseed rape. 
7.2.2 Temporal process: rotation patterns overtime 
Major differences in community composition over time were observed in both the five-year 
conventional rotation and eight-year organic rotation. Invertebrate communities were, as 
might be expected, mainly affected by the current year's crop. Nevertheless, there was 
evidence of a significant "lag effect" from the previous year's crop, but only in the organic 
system. The organic rotation had less soil disturbance, as a result of the three years' of 
unploughed grass/clover leys, which allowed invertebrates to recover from the harmful effects 
of soil tillage. Furthermore, arable crops in the conventional system had fewer weeds and may 
have responded differently as a result of tillage compared to the organic (Marshall et al., 
2003). Therefore farmers should consider including crops such as grass/clover that do not 
require regular ploughing that leave the land bare after annual crop harvest, or wider adoption 
of 'no-till' agriculture. 
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7.2.3 Vegetation structure, composition, traits and invertebrate composition and traits 
in relation to spatial scale 
Multivariate analyses showed vegetation structure, cover and traits all had major effects on 
invertebrate community composition. CSR patterns were particularly important, especially the 
abundance of competitors and ruderals, which were abundant in the field boundaries and 
crops respectively. Plant cover and CSR plant traits were more important in the organic 
system where there was a greater abundance of weeds and lack of chemical usage. These 
positive organic benefits were further observed in Chapter 3, where we looked at the 
relationship of field boundaries and their most abundant associated invertebrates to the same 
invertebrate taxa in field edge and crop. As might expected, more of the invertebrate taxa in 
the field boundary were found in the field edge than crop in both systems, given the spatial 
scale of the study. Furthermore, relationships between boundary and field edge/crop 
invertebrates were generally greater in the organic than conventional. This may have been 
because of less contrast between boundary, field edge and crop microhabitats, especially for 
diurnally foraging invertebrates. There was also clear evidence that relationships between the 
invertebrates in the boundaries and the same taxa in the field edge or crop were strongly 
affected by the invertebrate life-history characteristics, especially dispersal ability and body 
size.  
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7.3  Future research 
7.3.1 Temporal changes 
The results of this study suggested that all three invertebrate functional groups in the organic 
system (8 year rotation) showed a cyclical change in their community composition that 
closely matched the crop rotation sequence. In contrast in the conventional system (5 year 
rotation) this pattern was disrupted by regular soil cultivation and was only seen in 
herbivores/pollinators. Future research on invertebrate communities in agro-ecosystems must 
be undertaken across multiple years to encompass the entire crop rotation in the system under 
study, see (Eyre et al., 2016a). Samples were collected via two methods from May to 
September each year to capture the majority of the invertebrate breeding season. Some studies 
have only undertaken surveys over short periods, e.g. 2 weeks (van Heezik et al., 2016) or one 
month, using a single sampling method, which would appear to be too short to characterize 
the community. Sampling over short time periods is also at greater risk of biased samples due 
to temporary variation in weather conditions. We therefore recommend that future research 
takes place over longer time periods (both within and across years) using multiple sampling 
methods, whilst acknowledging the increased financial and time costs involved. 
7.3.2 Spatial scale 
Invertebrate foraging and dispersal occurs at different spatial scales, and is strongly affected 
life history. Some taxa are able to travel considerable distances across landscapes, for 
example Bombus to at over 1km from their nesting sites (Knight M et al., 2005; Osborne 
Juliet et al., 2008). Therefore the spatial scales at which samples are collected are important to 
capture these differences. In this research, we sampled at 0m, 5m and 40m into the crops 
using two samples at each distance in order to be compatible with previous invertebrate 
sampling at Nafferton by Eyre et al. (2013b). Future research should ideally incorporate 
samples at greater distances, e.g. 0, 5, 50 and 100 m into the crop. It could be extended to the 
landscape scale by including samples from neighbouring fields and even farms. Whilst 
landscape-scale studies have been undertaken (Tscharntke et al., 2005a) to our knowledge 
relatively few studies have been undertaken at both small-scales (i.e. 50 m or less) and 
landscape scales (fields and farms). Integration of both approaches in a single research 
program is necessary to fully understand the effects of spatial scale. If resources allowed, 
ideally three samples would be taken per distance (rather than two as in our study) to provide 
greater statistical power.  
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7.3.3 Species level 
The main limitation on the use of a broad range of invertebrate species is not sampling per se 
but the time, taxonomical expertise and cost required to identify the considerable number of 
species sampled. Parasitic Hymenoptera, which are particularly important in crop pest control, 
present particular taxonomic challenges for identification. This has led to the advocacy of 
identification to higher taxonomic rank, for example, family or subfamily, rather than genus 
and species in agroecosystem research (Báldi, 2003). In this research, invertebrates were 
identified to family, sub-family and tribe, depending on functional group. Whilst higher taxa 
have been used to assess biodiversity in landscapes (Sauberer et al., 2004), it would be better 
to make interpretation based on species-level observations. Most individual research studies 
into invertebrates of agroecosystems have focused on a small number of taxonomic groups, 
for example Rösch et al. (2015) studied only three groups of invertebrates (Heteroptera, 
Auchenorrhyncha, Gastropoda-snails) but these were all identified to species level. Whilst this 
provides high taxonomic resolution for one family or order, its disadvantage is that it does not 
provide as good a representation of the wide range of invertebrates present, with contrasting 
life-histories that interact with each other. 
Metabarcoding might potentially provide a rapid, reliable (Ji et al., 2013), and (theoretically) 
less expensive methods to obtain large amounts of taxonomic species data. The basic premise 
in metabarcoding is to obtain select barcode genes of interest from genomic DNA (Douglas et 
al., 2017) from specimens already identified using traditional taxonomic methods. Previous 
studies have used metabarcoding to compare nematodes diversity (Porazinska et al., 2012). 
One advantage of metabarcoding is that the results are more "reproducible", in the sense that 
the DNA sequences from different samples can be more readily compared with each other, in 
contrast to traditional manual taxonomic identification where human error or lack of expertise 
may alter results. Nevertheless, there remain a number of major hurdles before such methods 
can be adopted to identify invertebrates in the type of study described for Nafferton. First, the 
majority of invertebrate taxa have currently not been barcoded, and are limited to a narrow 
subset of taxa present (Andersen et al., 2012). Second, samples are vulnerable to 
contamination, both in the field and laboratory, therefore current metabarcoding requires 
highly trained personnel with excellent field and laboratory skills to undertake the DNA 
sequencing. Third, metabarcoding do not produce quantitative representation of species found 
in a sample, rather the particular type of species present. Final, the actual laboratory 
equipment and chemicals needed for metabarcoding is still expensive, and this needs to fall 
sharply before the technology can be widely adopted. 
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7.3.4 Invertebrate life history traits database 
One of the hazards of the research described in thesis is that of inferring process from pattern. 
Large amounts of habitat, vegetation, invertebrate and environmental data were collected, but 
it was often difficult to determine the exact mechanisms that caused changes in abundance in 
individual invertebrate taxa across the farm. This problem was exacerbated by the lack of 
detailed knowledge about the life-history traits of many common invertebrates. Unified life-
history trait databases have been developed successfully for plants, such as the CSR 
framework (Grime, 1988) used in Chapter 6, but no such framework has been developed in 
the UK or internationally for invertebrates. The invertebrate trait data used in Chapter 3 were 
collated from numerous peer-reviewed references, but individual authors did not report traits 
using the same categories, labels or scales. This made it challenging to produce a reliable 
system to describe the traits invertebrates. Once such a framework is agreed, it could be made 
available on the internet and entomologists could submit records into such a trait database to 
provide a solid resource for other scientist. Several international trait databases are being 
developed, for example SCALETOOL (http://scales.ckff.si/scaletool/) and Encyclopaedia of 
Life’s Trait Bank (http://eol.org/info/516). New initiatives such are currently being proposed, 
but it is clear that an internationally agreed framework is urgently needed.
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